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NATIONAL SPACE BIOMEDICAL RESEARCH INSTITUTE
ANNUAL SCIENTIFIC AND TECHNICAL REPORT

OCTOBER 1, 2001 - SEPTEMBER 30, 2002
(Cooperative Agreement NCC 9-58)

1.0 INTRODUCTION

This report outlines the activities of the National Space Biomedical Research Institute (NSBRI)
during FY 2002, the fifth year of the NSBRI's programs. It is prepared in accordance with
Cooperative Agreement NCC 9-58 between NASA’s Lyndon B. Johnson Space Center (JSC) and
the Institute’s lead institution, Baylor College of Medicine.

20 BACKGROUND

In June 1996. NASA released a Cooperative Agreement Notice (CAN) inviting proposals to
establish a National Space Biomedical Research Institute (9-CAN-96-01). This CAN stated that:

The Mission of the Institute will be to lead a National effort for accomplishing the
integrated, critical path, biomedical research necessary to support the long term
human presence, development, and exploration of space and to enhance life on
Earth by applying the resultant advances in human knowledge and technology
acquired through living and working in space. The Institute will be the focal point of
NASA sponsored space biomedical research.

This statement has not been amended by NASA and remains the mission of the NSBRL

The Institute was selected by NASA in March 1997 following a two-phase. competitive review
of proposals received in response to the CAN. In April 1997, the NSBRI was chartered in the
State of Texas as a non-profit corporation. After a 60-day definition period. NASA and the
NSBRI signed a Cooperative Agreement (NCC 9-58) and Cooperative Agreement Management
Plan with JSC. The Cooperative Agreement is for a five and one-half year base period and three,
five-year optional extensions. The first optional extension, lasting until September 30, 2007, will
be exercised.

The NSBRI partners with NASA to develop countermeasures against the deleterious effects of long-
duration space flight, and performs fundamental and applied space biomedical research directed
toward this goal. This is accomplished by:

e designing. testing and validating effective countermeasures to address the biological and
environmental impediments to long-term human space flight;

e defining the molecular, cellular, organ-level, integrated responses and mechanistic
relationships that ultimately determine these impediments, where such activity fosters the
development of novel countermeasures;

e establishing biomedical support technologies to maximize human performance in space,
reduce biomedical hazards to an acceptable level and deliver quality medical care:

e transferring and disseminating the biomedical advances in knowledge and technology
acquired through living and working in space to the general benefit of humankind;



e including the treatment of patients suffering from gravity- and radiation-related
conditions on Earth; and

e ensuring open involvement of the scientific community, industry and the public in the
Institute’s activities and fostering a robust collaboration with NASA, particularly through
the JSC.

The NSBRI is governed by a consortium of twelve institutions — Baylor College of Medicine,
Brookhaven National Laboratory, Harvard Medical School, The Johns Hopkins University School of
Medicine and Applied Physics Laboratory, Massachusetts Institute of Technology. Morehouse School
of Medicine, Mount Sinai School of Medicine, Rice University, Texas A&M University. the
University of Arkansas for Medical Sciences. the University of Pennsylvania Health System and the
University of Washington. The Institute’s headquarters are located in Houston at Baylor College of
Medicine.

The initial Institute research program consisted of eight research teams carrying out 37. three-
year projects and four, one-year “synergy” projects designed to bridge between discipline
research team activities and create an appropriate atmosphere for future interdisciplinary
research. Because of the competitive process used by NASA to select the NSBRI. most of the
initial program was carried out at the seven original consortium institutions. There are, however,
no restrictions concerning institutional participation in Institute activity. As a result of two
research announcements in FY 2000, the institute expanded to 12 research teams and 85 research
projects during its fourth year. In the fifth year, the number of research teams was consolidated to
11 teams, with a total of 88 research projects. In addition to its research program, the NSBRI has
developed vital education and outreach and communications programs that take advantage of the
Institute’s core research activities. Currently there is funding of research and education projects
at 75 institutions across 22 states.

The management plan for the Institute is based on the model used by the National Institutes of
Health. An independent Board of Scientific Counselors is responsible for assuring excellence in
the Institute’s intramural program through independent external peer review. and an External
Advisory Council is responsible for advising Institute management concerning programmatic
effectiveness. The NSBRI also has a User Panel of former and current astronauts and flight
surgeons responsible for assuring that the research program is focused on astronaut health and
safety. An Industry Forum of representatives of aerospace, biomedical and technology industries
assists in developing industry participation in NSBRI and in timely technology transfer.

Primary support for the NSBRI's activities is furnished by NASA through NCC 9-58 although
funds to support Institute activities also come from several sources, including the institutions
involved in carrying out the NSBRI’s programs. Initial annual base funding for the Institute’s
first two years of operation (FY 1998 and FY 1999) was approximately $10 million. In FY 2000,
base annual funding was increased to approximately $14 million to develop the infrastructure
needed to support planned program growth in FY 2001. In support of the expanded research and
education program, the FY 2001 base annual funding was increased to approximately $25
million. In FY 2002, the base annual funding was approximately $22 million. Detailed
information on the budget and allocation of resources appears as part of the Strategic Plan
(Appendix A).

On August 29, 2002, the NSBRI received a letter from the JSC Contracting Officer informing the
Institute that, for planning purposes, the NSBRI should presume a $30 million total budget ($29
million plus $1 million for Advanced Medical Care Systems) for F'Y 2003 through FY 2007.
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3.0 SUMMARY OF FY 2002 ACTIVITIES

A summary of major NSBRI activities taking place in FY 2002 appears at Table 1. The activities
ranged from the appointment of a full-time director and the development and NASA external
review of a strategic plan to the scientific and management meetings of the External Advisory
Council and Board of Directors designed to highlight scientific and technological achievements

and to provide guidance and oversight to the Institute’s programs.

Table 1. MAJOR NSBRI ACTIVITIES
October 1, 2001 — September 30, 2002

DATE ACTIVITY LOCATION
October 17-18 External Advisory Council Meeting Houston
October 31 Release of Research Announcement NRA 01-OBPR-07 | N/A
November 8 Board of Directors Meeting Houston
November 8 Appointment of Full-Time Director N/A
January 13-17 NSBRI Retreat Montgomery, TX
January 31 Proposal Due Date for Research Announcement N/A

NRA 01-OBPR-07

March-April

Peer Review of NSBRI’s NRA 01-OBPR-07 Proposals

Washington, DC

March 12-13 External Advisory Council Meeting San Jose, CA
April 4 Board of Directors Meeting Houston
April 17 Department of Health and Human Services Houston

Audit Exit Conference (Teleconference)
May 24 Submission of NSBRI Strategic Plan to NASA N/A
June 10-11 Strategic Plan Review Panel Presentation Washington, DC

August 12-14

Exercise Simulation Workshop
for NSBRI Digital Human Modeling Core

Seattle, WA

September 4-5

External Advisory Council Meeting

Philadelphia, PA

September 26-27

Board of Directors Meeting

Washington, DC

4.0 STRATEGIC PLAN

In response to specific requests from NASA, the NSBRI produced an updated Strategic Plan
covering the next five years of the Institute’s growth and development. The plan consists of two
volumes. The first volume (Appendix A) lays out an Institute-wide strategy, performs a gap
analysis between current strategics and resource requirements to meet the Institute’s goals and
objectives as set forth by NASA, and provides a breakdown of the Institute’s budget and
allocation of resources. The second volume (Appendix B) contains individual strategic plans for
the 11 research teams and the education and public outreach team. The individual Team
Strategic Plans also review projects within the teams for their impact, synergistic value with
other team projects, contribution to inter-team interactions and collaborations with NASA

3



towards developing countermeasures that address critical questions in risk areas on the Critical
Path Roadmap.

The NSBRI Strategic Plan development was a collaborative effort, reflective of the cooperative
partnership between NSBRI and JSC. The plan was completed on May 24, 2002, and distributed
by NASA for external peer review. The review committee, chaired by Dr. Judith Vaitukaitis,
met in Washington on June 10-11, 2002. Their report. “Review of the National Space
Biomedical Research Institute Strategic Research Plan,” is included in Appendix C.

The report contains critiques and recommendations on 11 topics. Matters pertaining to these
topics were addressed in a joint JSC/NSBRI response to NASA HQ. Shortly thereafter, the
Acting Director of the Division of Bioastronautics at NASA HQ, along with Dr. Vaitukaitis,
wrote a letter to the Associate Administrator of NASA's Office of Biological and Physical
Research (OBPR) stating that the peer review of the NSBRI Strategic Plan had been successfully
completed. Post-review correspondences are contained in Appendix D.

Since the review. the Institute continues to refine the Strategic Plan and provide augmentation
and clarification where needed. For example, Institute Senior Management in consultation with
Team Leaders has prepared a draft document concerning policy on team leadership. The
document addresses one of the topics raised in the Strategic Plan Review. The policy guidelines
on team leadership will be evaluated by the Institute’s External Advisory Council and Board of
Directors before being forwarded to NASA.

The Institute also is working to address the areas of productivity metrics and bioinformatics. All
efforts are being made to coordinate with NASA’s efforts in these areas. This is important as
NASA develops and implements its strategic plan in Bioastronautics. The ability to monitor
progress and integrate data across the NASA/NSBRI interface is critical to the success of the
NSBRI mission and its contribution to NASA’s Bioastronautics program.

5.0 RESEARCH PROGRAM

Each research team consists of investigator groups working on complementary projects focused
on a common theme. Team management and coordination is the responsibility of a program
director called a Team Leader while overall scientific direction is the responsibility of the
[nstitute Director and Associate Director. A summary of each NSBRI research project is
provided in Appendix E.

The 11 research teams focus on:

e Bone Loss — Addressing the loss and weakening of bone during space flight with the
inherent fracture risks;

o Cardiovascular Alterations — Addressing inflight increase of cardiac dysrhythmias and
postflight impairment of the cardiovascular response to orthostatic and exercise stress;

o Human Performance — Investigating maintenance of high cognitive performance and
vigilance despite environmental stress and sleep disturbances;

e Immunology, Infection and Hematology — Addressing immune system impairment and altered
susceptibility to infection, increased allergic response, decreased blood volume and postflight
anemia,

o Muscle Alterations and Atrophy — Focusing on the loss of skeletal muscle mass, strength
and endurance that accompanies space flight;

o Neurobehavioral and Psychosocial Factors — Investigating methods and tools crews can
utilize to cope with stress, isolation and compatibility;
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o Neurovestibular Adaptation — Addressing the problems of space motion sickness and
disorientation during flight and the postflight problems of balance and gaze disorders:

e Nutrition, Physical Fitness and Rehabilitation — Developing methods to maintain health
and fitness before, during and after space flights;

e Rudiation Effects — Addressing the problem of increased cancer risk caused by the natural
space radiation environment;

o Smart Medical Systems — Developing new methods of remote medical diagnosis and
treatment; and

o Technology Development — Developing instrumentation that will enhance the research of
the other teams and transferring the technology to industry for the benefit of society.

During FY 2002, projects from the former Integrated Human Function Team were reassigned to
other appropriate research teams. This action was in response to a recommendation from the
2000 NASA Site Visit Report of the National Space Biomedical Research Institute and the
External Advisory Council.

5.1 Core Program Scientific and Technical Achievements

Team Program Reports that detail the scientific and technical accomplishments of the Institute’s
research teams for FY 2002 are provided in Appendix F. (Note that the pre-publication results
presented in this Appendix are intended for NASA internal use only as these results are
privileged) These reports outline research program accomplishments and research program
structure and design.

In January, the investigators met with members of the JSC Space and Life Sciences community,
as well as other NASA personnel, at the Institute’s retreat in Montgomery. Texas, to present new
research findings. Appendix G contains the retreat agenda. Throughout the year, research teams
also held retreats to coordinate efforts within their teams and with NASA. At the October
meeting of the External Advisory Council, the Smart Medical Systems Team did a “hands on.”
proof-of-principle demonstration of inter-project synergy. Specifically, ultrasound was used
across three team projects to assess physiological adaptation to simulated microgravity, diagnose
medical conditions remotely (and with limited bandwidth communications), and apply high-
intensity focused acoustic energy for non-invasive surgical treatment. The demonstration of
these and other projects brought together NSBRI investigators, former astronauts and NASA
flight surgeons. In addition to this meeting, an Exercise Simulation Workshop for Digital
Human Modeling was also successful. A detailed report from the workshop is included in
Appendix H.

Highlights of the Institute’s accomplishments were delivered as part of a Progress Report to
NASA in May 2002 (Appendix I). Principal findings in FY 2002 were also summarized in the
Director's report to the Board of Directors in September 2002 (Appendix J). Publications and
presentations resulting from full or partial NSBRI support are listed in Appendix K.

Despite a reduced expenditure rate of approximately 25% on research awards in FY 2002
because of budget constraints, NSBRI investigators made significant achievements towards
countermeasure development as delineated in the Team Strategic Plans (Appendix B). Selected
achievements directly relevant to the Institute’s mission include the following:

e Advancement of biomedical microsensor technologies for multiple applications in space
and on Earth. One project, led by Dr. Babs Soller of the University of Massachusetts
Medical School, uses lightweight, low power, portable and non-invasive near infrared
sensors and algorithms to determine blood and tissue chemistry. Applications include
assessing muscle pH in real time, which could be used in space to optimize exercise

5



countermeasures. The technology has been shown to be accurate, reliable and useful
despite skin color differences. Earth-based applications include the ability to non-
invasively detect reduced peripheral perfusion in diabetes, a condition affecting 17
million Americans. The investigators are currently working with JSC space medicine
personnel to make a flight prototype device.

Discovery by Dr. Alfred Goldberg and colleagues at Harvard Medical School of Atrogin-
I, a muscle-specific protein highly expressed during muscle atrophy that is not only
relevant for microgravity adaptation but also for molecular therapeutic approaches to
combat muscle atrophy associated with diverse diseases. Their findings were reported in
Proceedings of the National Academy of Science and in Nature Medicine.

Demonstration by Dr. Mark Bolander of the Mayo Clinic, Rochester. that fracture healing
in the hind-limb suspension rat model occurs, but that the quality, quantity and rate of
healing are different from normal weight-bearing fractures. This aligns with the Bone
Loss Team Strategic Plan to develop ways to prevent fractures and promote strong
fracture healing.

Clinical observations by Dr. Jay Shapiro and collaborators at the National Rehabilitation
Hospital that the spinal cord injury model for bone loss induces changes that differ from
those of age-related bone loss. The group has also found that the response to
bisphosphonates as a countermeasure is more complex than initially thought: the class of
drugs attenuates bone loss but does not stop it.

Development by Dr. Yi-Xian Qin of State University of New York—Stony Brook of a
novel portable confocal acoustic imaging device to assess bone mineral density and
strength in real-time in the space environment. Earth applications include the use of the
device to monitor treatment for osteoporosis, which is estimated to affect 10 million
individuals.

Advancement by Dr. Richard Cohen of Massachusetts Institute of Technology. Dr. Janice
Meck of JSC and their co-workers on the Cardiovascular Alterations Team, of the
midrodrine countermeasure to flight evaluation phase. The project, if selected, will test
midodrine as a means to combat postflight orthostatic hypotension. Mechanisms are
being investigated that underlie the observation that nearly all females. while only 50% of
males, are tilt intolerant following simulated microgravity.

Progress by Dr. George Brainard and colleagues from Jefferson Medical College at
optimizing the light spectrum, especially at 420 nm, to enhance human performance. In
addition to light as a countermeasure, members of the Human Performance Factors. Sleep
and Chronobiology Team have shown entrainment with food. Their findings are in press
for Genes, Brain and Behavior.

Demonstration by Dr. Janet Butel and colleagues at Baylor College of Medicine that in a
microgravity model of animals exposed to proton and gamma radiation, there is less
ability to clear infection, with increased mortality. Dr. Gerald Sonnenfeld’s team at
Morehouse School of Medicine has also shown increased morbidity and mortality in
gravity-challenged animals. The effects of radiation on immunity speak to possible
replacement of gamma globulin as a protective countermeasure. Drs. Butel and
Sonnenfeld have published findings this year in The Lancet and the Journal of Allergy
and Clinical Immunology, respectively.



Identification by Dr. JoAnna Wood of Baylor College of Medicine and colleagues at the
University of Texas at Austin, the NIH, and the Australian Antarctic Division of factors
that reduce interactions among crew. The team found in their Antarctic study that female
leaders consistently feel more isolated than male leaders. Countermeasure development
is providing details on the roles various relationships play. how groups react in relation to
gender and what factors in crew selection are important for long-duration missions.

Progress reported in the Journal of American Medical Association by Drs. James Carter
and Jay Buckey, Jr., of Dartmouth Medical School on using interview data from
astronauts and cosmonauts who participated in long-duration missions to develop a
computer-based system for self-diagnosis and treatment of psychosocial problems. Dr.
Al Holland of JSC is a co-investigator on this project.

Delivery by Drs. Conrad Wall and Lars Oddsson of a compact, portable balance disturber
countermeasure to JSC. where Drs. Jacob Bloomberg and Ajitkumar Mulavara have
established normative locomotion data and visual acuity for use as a clinical measure of
fitness for return-to-duty and of efficacy of rehabilitative countermeasures.  This
achievement on the Neurovestibular Adaptation Team is one of several team
accomplishments, including a successful Portland Space Vestibular Symposium and an
upcoming special issue of the Journal of Vestibular Research.

Completion of a bed-rest study conducted by Dr. Robert Wolfe at the University of Texas
Medical Branch. The study finished ahead of schedule and with findings that indicate use
of amino-acid supplements maintains protein synthesis and muscle mass but not muscle
strength. The role of nutrition in space will be highlighted in the October 2002 special
issue of Nutrition. which is co-edited by the Team Leader and a co-investigator on the
Nutrition, Physical Fitness and Rehabilitation Team. Work on the issue involved 23
members throughout the NSBRI/NASA community and occurred in FY 2002.

Investigation by Dr. Marcelo Vazquez and Radiation Effects Team collaborators at
Brookhaven National Laboratory of 180 of the 498 C57B1/6 male mice exposed to acute
doses of 0.15 to 4.8 Gy Fe ions and gamma radiation during the last NASA run (BNL-8,
April 2002). The animals are being monitored to detect memory function alterations and
changes in hippocampal biochemistry. These investigators have recently shown that
doses as low as 0.25 Gy of heavy ions are able to up-regulate p53 within hours in human
neural precursor cells and rodent glial progenitor cells (CG4). As a countermeasure.
bFGF is able to protect apoptosis induction in CG4.

Use of a new software program, SpaceDOCK, to evaluate performance in awake and
sleep-deprived subjects undergoing simultaneous brain {MRI and diffuse optical
tomography imaging. Dr. Jeffrey Sutton, colleagues at Massachusetts General Hospital,
and a NASA flight surgeon, developed this software program. The results reveal
objective measures of brain function obtained by a portable, non-invasive means suitable
for neuroimaging in the space environment. The technology is being used to monitor
neurological disorders in children and adults, including the assessment of stroke, a
condition that is experienced by 750,000 Americans per year.

Testing of a miniature time-of-flight mass spectrometer developed at The Johns Hopkins
University Applied Physics Laboratory by Dr. Richard Potember and colleagues. The
portable configuration has great potential for onboard analysis of chemical and biological
substances, yielding state-of-the-art technology for autonomous scientific studies, and
countermeasure assessment. The device also has relevance to homeland security.



5.2 NASA/NSBRI Space Medicine Achievements

NASA’s budget to the NSBRI specifies funding for Advanced Medical Care Systems, where the
NSBRI is to collaborate with JSC personnel on joint projects having direct operational need. In
FY 2002, the first project proposal in this area was completed, outlining the creation of a Medical
Operational Support Team (MOST). The MOST project brings together the NSBRI’s clinical
expertise and resources to refine an onsite space-adapted human patient simulator for training
flight medical personnel. Dr. Harold Doerr from Baylor College of Medicine is the principal
investigator. The project will be funded in October 2002. Project details are in Appendix L.

The Institute participated in the NASA Risk Mitigation Collaborative Group, headed by Dr.
Jeffrey Davis, the new Director of the Space and Life Sciences Directorate at JSC, and by Dr.
Guy Fogleman, the Acting Director of the Division of Bioastronautics at NASA HQ. The group
examines, in part, biomedical risk-reduction strategies for different mission scenarios. which
include multiple factors, such as risk type, consequences, likelihood, current countermeasure
readiness. and crew health, safety and performance requirements. NASA participants include
Chief Scientist Dr. Shannon Lucid, Chief Health and Medical Officer Dr. Richard Williams, and
leaders from OBPR, the Office of Space Flight, and JSC. The activities of this group help
determine the research priorities on the Critical Path Roadmap, and hence of the NSBRI. whose
research activities must be coordinated with NASA priorities and needs.

At the External Advisory Council meeting in March, Dr. Jonathan Clarke, a JSC flight surgeon.
addressed the Team Leaders and Council regarding space- and evidence-based medicine. At the
September Council meeting, Ms. Mary Kicza, NASA Associate Administrator for OBPR, gave
an address discussing the OBPR Enterprise and the role of the NSBRI within NASA and the
Bioastronautics Program.

To help “fast track™ meritorious projects towards space medicine, as well as commercial
applications, a Committee on Research and Technology Transfer was established. Reporting to
the Director, the committee consists of representatives from the Team Leaders. Industry Forum,
User Panel. External Advisory Council. Board of Scientific Counselors, Board of Directors.
NASA medical operations and venture capital programs.

53 Flight Projects

Five NSBRI flight proposals began the NASA evaluation process in FY 2002. A principal
achievement of the Cardiovascular Alterations Team this year was the advancement to flight
evaluation and definition phase of the first NSBRI proposal in this area. The proposed
countermeasure is midodrine as a means to reduce postflight orthostatic hypotension. This
accomplishment was a team effort that included (a) animal studies that demonstrated that hind-
limb suspension leads to venous and arteriolar hyporesponsiveness. and in particular, to alpha-
sympathetic stimulation, (b) computer simulations that demonstrated that increasing venous and
arterial tone would be an effective countermeasure, and (¢) human studies that demonstrated that
a single. small dose of midodrine was highly effective in increasing tolerance to tilt after 16 days
of bed rest. The human studies also demonstrated that cardiovascular system identification
measures obtained prior to bed rest can identify those individuals at greatest risk for orthostatic
hypotension following bed rest.

Midodrine has been used under a supplemental medical objective to date on one astronaut with a
history of severe postflight orthostatic hypotension. This individual took a single dose of
midodrine post flight and did not have any symptoms of orthostatic hypotension.



5.4 Research Program Partnerships

In addition to the core intramural research program, the NSBRI has developed a joint program
with the National Institute on Deafness and Other Communication Disorders that jointly funds
six competitively-awarded extramural grants related to the dynamic adaptation of central
vestibular function, an area of common interest. Appendix M gives project information for this
five-year joint program initiated in FY 1999.

The Institute also has international research affiliations with the Institute of Aerospace Medicine
of the German Aerospace Center (agreement signed in Cologne on January 21, 1998); the
Politecnico di Milano (framework agreement signed in Milan on April 29, 1999); the Institute for
Space Physiology and Medicine (MEDES) (agreement signed in Paris on June 16, 1999); and the
Institute for Biomedical Problems, Moscow (joint projects by contract in 1999 and 2000).

In FY 2002. there were valuable international exchanges. A partial list includes a visit by
principal investigators from three NSBRI teams to Germany to discuss ground-based research
efforts and a joint NASA/NSBRI trip to Scotland to discuss collaborative opportunities in the
space life sciences with members of the Scottish Enterprises Forum.

5.5 Research Announcement

On October 31, 2001. NASA released solicitation NRA 01-OBPR-07 on behalf of three
programs, including the NSBRI (Appendix N). Fifty-one proposals were received by the NSBRI
and subsequently underwent peer review along with the other NASA proposals. Twenty-five
proposals were in the competitive range (a score of 70 or greater out of 100). Four proposals
were transferred to NSBRI from the NASA portion of the solicitation. Representatives of
NSBRI Senior Management attended the NASA selection meeting. All 29 proposals were
reviewed for programmatic relevance by appropriate NSBRI Team Leaders. A combination of
peer-review score and relevancy categorized the proposals, which were then prioritized by the
External Advisory Council for funding. Selection of new proposals will depend upon the FY
2003 budget.

In addition to research proposals submitted in response to the joint NASA/NSBRI solicitation,
Morehouse School of Medicine submitted a proposal for a fellowship program.  The
establishment of an Institute fellowship program is a priority. The FY 2003 budget will
determine if this program can be launched. The Morehouse proposal is being forwarded to the
Institute’s Board of Scientific Counselors for review.

6.0 EDUCATION AND PUBLIC OUTREACH PROGRAM

The Education and Public Outreach Team supports the NSBRI’s mission by ensuring open
involvement in the Institute’s activities by the scientific community, industry and the public, and
by ensuring a robust exchange with NASA.  Activities target multiple and diverse populations
and aim to:

e inform a large community about NSBRI activities;

attract young people to careers in science, engineering and medicine;

promote excellence and innovation in America’s science education system:

increase scientific literacy among teachers, students, their families and the public; and

create public awareness and appreciation of the opportunities and benefits of NSBRI's space
biomedical research.

Through a variety of innovative programs, space research activities and discoveries are
transferred to teachers at levels K-undergraduate, students and the public.
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The National Research Council’s Committee on Undergraduate Education has challenged the
scientific community and institutions of higher learning to provide opportunities for professional
collaborations that create innovative inquiry-based, multidisciplinary courses and instructional
materials, to use the most sophisticated multimedia capabilities to disseminate new materials.
and to develop a seamless pipeline of minority-group science students. The NSBRI has
embedded this challenge in its education and public outreach mission.

[nitially, education and public outreach activities were led by teams at three consortium
institutions: Morehouse School of Medicine, Texas A&M University and Baylor College of
Medicine. In response to a NSBRI Special Program Announcement issued in FY 2000, seven
projects were selected for funding to form the current Education and Public Outreach Team. In
FY 2002. the team has emerged as a national force by making presentations at national meetings
and collaborating with NASA’s OBPR Education and Outreach group. The combined team
activities have reached 1.000 teachers and 100,000 students. Beyond the specific goals of each
project, the educators have a follow-on goal to produce at least one paper and presentation per
year. The NSBRI's emphasis on education and public outreach is consistent with the NASA
Administrator’s priorities in education.

Appendix O gives the current NSBRI Education and Public Outreach project summaries. The
Team Progress Report appears in Appendix P. The progress correlates well with the strategic
plan for the team (Appendix B). A brief outline of each project follows.

Baylor College of Medicine

Baylor College of Medicine is producing and disseminating a series of teacher activity guides.
From Quterspace to Innerspace, that make NSBRI research areas relevant to young students and
allow students to investigate these topics. The guides are designed for grades 4-6.

Massachusetts Institute of Technology

The Massachusetts Institute of Technology is developing and evaluating two graduate-level
curricula and adapting these materials for undergraduate-level courses, to educate a generation of
scholars in space life sciences.

Morehouse School of Medicine

Morehouse School of Medicine is providing teacher professional development and student
educational opportunities by writing secondary-level problem-based cases, conducting a summer
research program and maintaining an NSBRI film archive.

Mount Sinai School of Medicine
Mount Sinai School of Medicine investigators are working with teachers and students in the New
York City area to develop a stand-alone curriculum that will use space biomedical research as a
theme to teach math and science.

Rice University (in collaboration with The University of Texas Medical Branch)

Led by researchers and educators at Rice University and The University of Texas Medical
Branch, high-school students spend a summer working in research laboratories and exploring the
life of a research scientist. The project also features a professional development opportunity for
secondary-school teachers that enhances their knowledge of space biomedicine.

Texas A&M University
Through the Teacher Academy, Texas A&M University is establishing a group of highly-trained
teachers recruited from across the nation. These Master Teachers will take what they learn about
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implementing space-based science curriculum and pass their skills and knowledge on to peers in
their own schools and regions.

University of Washington

Students in the University of Washington’s Technical Communications program will have the
opportunity to interview NSBRI researchers as part of a science-writing course. Articles appear
in the magazine, Northwest Science & Technology.

7.0 MANAGEMENT

The NSBRI management structure was strengthened in FY 2002. Information on the
management structure is included in the Strategic Plan (Appendix A). In addition, the Institute
underwent a successful audit by the Department of Health and Human Services, Office of
Inspector General. The auditors complimented the NSBRI on its excellent records, business
practices and compliance with rules and policies.

7.1 Key Personnel

In November 2001, Dr. Jeffrey Sutton was appointed Institute Director. Dr. Laurence R. Young
became Senior Advisor to the Director. The roles of Dr. Bobby R. Alford. Chairman of the
Board and Chief Executive Officer, and Dr. Ronald J. White, Associate Director, did not change.

During FY 2002, the Team Leaders continued to function as the research or education and
outreach “program directors.” Dr. Harry Charles assumed the leadership of the Technology
Development Team, with Dr. Jay Buckey, Jr., filling the position of Associate Team Leader. Dr.
Lawrence Crum became the Acting Team Leader for the Smart Medical Systems Team. replacing
Dr. Sutton, who became the Director.

One Principal Investigator changed in FY 2002. On the Technology Development Team, Dr.
Isaac Bankman of The Johns Hopkins Applied Physics Laboratory replaced Dr. Paul Bottomley
as the Principal Investigator for “Development of a Space Qualifiable MRI System.”

7.2 Board of Directors

The current membership of the NSBRI Board of Directors appears in Table 2. Due to the
postponement of the second FY 2001 Board meeting slated for September 2001, the Board
convened three times in FY 2002. Two meetings were held in Houston and one in Washington.
D.C. Five new members were added, either filling a vacancy or replacing a member who stepped
down. New members included Dr. James B. Bassingthwaighte, University of Washington; Dr.
Qusanne E. Churchill, Harvard Medical School; Dr. Theresa W. Fossum, Texas A&M
University; Dr. Alice P. Gast, Massachusetts Institute of Technology; and Dr. Kenneth 1. Shine,
Rand Corporation. Board members stepping down included Aaron Cohen, Texas A&M
University. and Dr. Dennis Kasper, Harvard Medical School. Two members moved to Emeritus
status — Dr. J. David Litster, Massachusetts Institute of Technology and Dr. Torsten N. Wiesel,
Rockefeller University. Emeritus Member, Dr. Francis D. Moore passed away.

7.3 External Advisory Council

The current membership of the NSBRI External Advisory Council appears in Table 3. Due to
the postponement of its second FY 2001 meeting scheduled for September 13-14, 2001, the
Council met three times in FY 2002. The meetings occurred in Houston, San Jose and
Philadelphia. Dr. Robert Moore, University of Pittsburgh, and Dr. Warren Sinclair, National
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Council on Radiation Protection and Management, stepped down from the Council. Two new
members joined — Dr. Theodore Berger, University of Southern California, and Dr. Eileen

Hasser, University of Missouri-Columbia.

Team Leaders submitted nominations to Senior

Management for new members in disciplines not represented or underrepresented on the current
Council. These positions will be filled in FY 2003.

Table 2.

NSBRI BOARD OF DIRECTORS

Bobby R. Alford, M.D. (Chairman)
Baylor College of Medicine

William L. Allen
National Geographic Magazine

Carl W. Anderson, Ph.D.
Brookhaven National Laboratory

Thomas E. Andreoli, M.D.
University of Arkansas
College of Medicine

James B. Bassingthwaighte,
M.D., Ph.D.
University of Washington

Joseph V. Bonventre, M.D., Ph.D.
Harvard-MIT Division of
Health Sciences and Technology
Harvard Medical School

James F. Buchli
United Space Alliance

Susanne E. Churchill, Ph.D.
Harvard Medical School

Michael E. DeBakey, M.D.
Baylor College of Medicine

Richard E. Ewing, Ph.D.
Texas A&M University

Martin J. Fettman, D.V.M., Ph.D.
(ex officio)

Colorado State University

Alfred P. Fishman, M.D.
University of Pennsylvania
Health System

Theresa W. Fossum,
D.V.M., Ph.D.
Texas A&M University

Alice P. Gast, Ph.D.
Massachusetts Institute
of Technology

Glen N. Gaulton, Ph.D.
University of Pennsylvania
School of Medicine

Martha L. Gray, Ph.D.
MIT-Harvard Division of Health
Sciences and Technology
Massachusetts Institute
of Technology

E. Nigel Harris, M.D.
Morehouse School of Medicine

Richard J. Johns, M.D.
The Johns Hopkins University
School of Medicine

Joseph P. Kerwin, M.D.
Wyle Laboratories

Steven Knapp, Ph.D.
The Johns Hopkins University

Jordan Konisky, Ph.D.
Rice University

Alvin L. Kwiram, Ph.D.
University of Washington

J. David Litster, Ph.D.
(Emeritus)
Massachusetts Institute
of Technology

Larry Mclntire, Ph.D.
Rice University

James W, Patrick, Ph.D.
Baylor College of Medicine

Peter Paul, Ph.D.
Brookhaven National Laboratory

Mary R. Rifkin, Ph.D.
Mount Sinai School of Medicine

Alan L. Schiller, M.D.
Mount Sinai School of Medicine

Kenneth 1. Shine, M.D.
Rand Corporation

Walter W. Sullivan, Ph.D.
Morehouse School of Medicine

Jeffrey P. Sutton, M.D., Ph.D.
(ex officio)

Institute Director

W. Dalton Tomlin
(Secretary/Treasurer)
Baylor College of Medicine

Arnold N. Weinberg, M.D.
(Emeritus)
Massachusetts Institute of
Technology

Torsten N. Wiesel, M.D.
(Emeritus)
Rockefeller University

1. Dodd Wilson, M.D.
University of Arkansas for
Medical Sciences
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Table 3.

NSBRI EXTERNAL ADVISORY COUNCIL

Martin J. Fettman, D.V.M., Ph.D.
(Chairman)
Associate Dean for the
Professional Veterinary Medical
Program
Colorado State University

Leon Alkalai, Ph.D.
Director
Center for Integrated
Space Microsystems
Jet Propulsion Laboratory

J. A. Anderson, Ph.D.
Professor of Cognitive and
Linguistic Sciences
Brown University

Ruth Benca, M.D., Ph.D.
Professor and Associate Chair
Department of Psychiatry
University of Wisconsin
Medical School

Theodore W. Berger, Ph.D.
Professor, Biomedical Engineering
University of Southern California

Hal E. Broxmeyer, Ph.D.
Scientific Director
Walther Oncology Center
Indiana University
School of Medicine

Thomas F. Budinger, M.D.,
Ph.D.

Professor and Chair
Department of Bioengineering
Lawrence Berkeley
National Laboratory

Dennis S. Charney, M.D.
Chief of Mood and Anxiety
Disorders Research Program

National Institute of Mental Health

Victor A. Convertino, Ph.D.
Research Physiologist
U.S. Army Institute of

Surgical Research

Thomas A. Fleisher, M.D.
Chief, Department of
Laboratory Medicine

National Institutes of Health

Michael N. Gould, Ph.D.
Professor of Human Oncology
University of Wisconsin
Medical School

Fileen M. Hasser, Ph.D.
Professor, Veterinary Biomedical
Sciences
University of Missouri-Columbia

Amy Kronenberg, Se.D.
Group Leader
Radiation Biology and
Environmental Toxicology
Lawrence Berkeley
National Laboratory

Charles B. Nemeroff, M.D.,
Ph.D.
Professor and Chairman
Department of Psychiatry
Emory University

Lawrence A. Palinkas, Ph.D.
Professor
Family and Preventive Medicine
University of California, San Diego

Danny A. Riley, Ph.D.
Professor of Cell Biology,
Neurobiology and Anatomy
Medical College of Wisconsin

Irwin H. Rosenberg, M.D.
Professor of Medicine
and Nutrition
Tufts University

M. Rhea Seddon, M.D.
Assistant Chief Medical Officer
Vanderbilt University
Medical Center

Jeffrey P. Sutton, M.D., Ph.D.
(ex officio)

Institute Director

Ronald J. White, Ph.D.
(ex officio)

Institute Associate Director

Thomas J. Wronski, Ph.D.
Professor of Physiological Sciences
University of Florida

Bill J. Yates, Ph.D.
Associate Professor of
Otolaryngology and Neuroscience
University of Pittsburgh

F. Eugene Yates, M.D.
Professor of Medicine
University of California,
Los Angeles




7.4 Board of Scientific Counselors

The Board of Scientific Counselors did not change. Dr. Hal Broxmeyer is serving on the
Institute’s Committee on Research and Technology Transfer.

7.5 User Panel

The User Panel membership was stable. Dr. Owen Garriott agreed to represent the User Panel on
the Institute’s Committee on Research and Technology Transfer.

8.0 SUPPORTING PROGRAMS

Three programs, Industry Forum, Data Archive, and Communications and Outreach. support the
research and educational activities of the Institute. A summary of each program’s activities in
FY 2002 follows.

8.1 Industry Forum

During FY 2002, the Industry Forum membership (Table 4) remained stable. The Forum
continues to be interested and involved in educating the Institute’s investigators in the
management and protection of intellectual property. The group is seeking additional
representation from the biotechnology and pharmaceutical industries. InDyne, Inc., continued to
support the nsbri.com Web site containing the Industry Forum Web pages. and The Boeing
Company supported the Institute by providing graphic design for NSBRI public service ads and
for the NSBRI exhibit. Dr. Joseph Kerwin of Wyle Laboratories and Mark Wilson of The
Boeing Company will represent the Forum on the Institute’s Committee on Research and
Technology Transfer.

Table 4. NSBRI INDUSTRY FORUM MEMBERSHIP

The Boeing Company
The Charles Stark Draper Laboratory
InDyne, Inc.
Lockheed Martin Astronautics
MBI International
Payload Systems, Inc.
Raytheon Technical Services Company
Roche Laboratories, Inc.
SGI
Southwestern Bell
United Space Alliance
Veridian
Wyle Laboratories
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8.2 NSBRI Data Archive

Established in FY 1998, the goal of the Web-based Data Archive system is to maintain an
appropriate, accessible archive of the data collected through NSBRI research projects. During
FY 2002. the Data Archive group assisted NSBRI HQ in deployment of the Institute’s Electronic
Proposal Submission System. The system was utilized for the first time for proposals in response
to the NSBRI portion of NASA’s NRA 01-OBPR-07 and will be used for all future NSBRI
research opportunities. The group brought on a Ph.D. to assist investigators in uploading data
products. Additional projects include work with NSBRI HQ to develop information systems for
NSBRI administrative data and the development of the Annual Project Report System to be
launched in FY 2003.

8.3 Communications and Outreach

The NSBRI Communications and Outreach Office develops and implements diverse
communications and outreach initiatives contributing to the successful accomplishment of the
NSBRI mission. The program identifies and targets messages to the NSBRI's key publics — the
public. the scientific community, industry, consortium members and NASA. Key activities in
FY 2002 included the continuation of a research-based news release program, the collaboration
with public affairs offices at numerous funded institutions to maximize news outreach related to
the FY 2002 NSBRI research program, meetings with JSC public affairs to increase awareness of
NSBRI activities, and an increase in media inquiries and news clippings related to NSBRI's
space-related research. In FY 2002, the Institute received 114 media inquiries compared to 94
inquiries received in FY 2001. Similarly, 204 newspaper, magazine or on-line articles mentioned
NSBRI, up from 121 the previous year. Since the NSBRI does not utilize a news clipping
service, the clipping figure is based on material received from reporters and other sources. Key
NSBRI research feature articles appeared in the New York Times, Los Angeles Times.
Highlights for Children, Dallas Morning News, Science. Nature, Miami Herald, Space.com,
Florida Today. Houston Chronicle, Fort Worth Star-Telegram and Seattle Times.

9.0 INSTITUTE DIVERSITY AND SCIENTIFIC COMMUNITY OUTREACH

The NSBRI continued its efforts to provide research announcements to a wide and diverse group
of potential investigators. Interested researchers can register on-line at www.nsbri.org for
NSBRI E-News announcements. The service had 386 subscribers at the end of FY 2002. In
addition, a postcard mailing announcing NSBRI’s participation in NRA 01-OBPR-07 utilized
NASA’s mailing list for announcements related to the life sciences. This list is the backbone of
all postcard mailings used to inform the community of NSBRI research announcements.

This year. as part of its outreach program, four minority undergraduate students participated in
the NSBRI Summer Research Program held at Morehouse School of Medicine. Participants
came from three different institutions, Morehouse College. Spelman College and University of
South Florida, and were selected from a national pool of 63 applicants.

Education and Public Outreach projects at Baylor College of Medicine, Mount Sinai School of

Medicine. Rice University and The University of Texas Medical Branch include
underrepresented minority students and teachers of those student groups. Summer programs for
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high school students provided research experiences for underrepresented minority students.
While these programs do not exclude non-minority applicants, the programs draw applicants
from school districts that have large African-American, Hispanic and Puerto Rican populations.
Field testing of new NSBRI curriculum materials for elementary and secondary teachers occurred
in areas with high numbers of African-American, Hispanic and Puerto Rican students.

The Institute continued its summer internship program in cooperation with JSC. The program
provides the opportunity for undergraduate, graduate or medical students to join ongoing project
activities at the JSC. Appendix Q contains a list of the FY 2002 participants.

Institute investigators, Team Leaders and management continued to reach out to the scientific
community through presentations made at symposia and meetings. A partial list of these
presentations is provided in Appendix K. A sampling of meetings involving NSBRI participants
include: the Space Technology and Applications International Forum — STAIF 2002, the
International Space Life Sciences Working Group Meeting, the International Workshop on
Behavior and Performance, the Medicine and Mobility Congress, and the 18" National Space
Symposium. Preliminary discussions between NASA, NSBRI and the British National Space
Centre/Rutherford Appleton Laboratory, University College London, and the British Vice C onsul
for Science and Technology were held in Houston in May 2002. Participants discussed
opportunities for possible future research collaboration.

10.0 SPECIAL PROJECTS

The Cooperative Agreement Management Plan between NASA and the NSBRI enables the
partners to undertake special projects outside of the core-funding envelope of the NSBRI.
During FY 2002, four new projects were initiated and 12 projects were continued. Detailed
information on the four new projects and two projects that experienced change is provided.

Project 97-3. National Space Biomedical Research Institute Visiting Scientist/Research Associate
Program. continues to enable young and established university-based researchers an opportunity
to work side-by-side with government employees in JSC laboratories. Table 5 provides a list of
the participants in this program and other projects relating to Bioastronautics positions at JSC.

Project 01-3, Manager, ISS Internal Volume Configuration Working Group. continues to provide
an academically qualified and experienced Internal Volume Configuration Working Group
project lead to the Bioastronautics Office at JSC. The person in this position is responsible for
researching and analyzing systems engineering, human/machine interaction, configuration
management, and SHF/habitability control requirements and techniques and their effects on
habitability. To carry out this project, the NSBRI, in cooperation with JSC SHFHO
management, hired Todd Hellner to replace Laura Duvall in FY 2002.

Project 02-2, Space Human Factors (SHFE) Human Factors Data Base Development Project,
provides an academically qualified and experienced human factors practitioner and science
facilities leader to the Habitability and Human Factors Office. The person in this position is
responsible for coordinating across the scientific community and for performing human factors
research and analysis to structure the human factors database, to determine relationships between
knowledge captured and the Bioastronautics Critical Path Roadmap and existing human-systems
design standards, and to develop an updated set of human factors standards that will be useful to
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the world-wide community, in particular for the development of space missions. NSBRI. in
cooperation with the JSC Habitability and Human Factors Office, hired Dr. Frances E. Mount as
an independent contractor for this project in FY 2002.

Table 5. VISITING SCIENTIST/RESEARCH ASSOCIATE PROGRAM - FY 2002

Name Current Position JSC Sponsor Period

Jennifer Blume, Ph.D. Assistant Professor Thomas Rathjen 1/4/00 -

Tatiana Christian Senior Engineer Thomas Rathjen 5/22/00 -

Johnny Conkin, Ph.D. Assistant Professor Michael Gernhardt, 6/1/98 -
Ph.D.

Dominick D’ Aunno, M.D. Assistant Professor Janice Meck, Ph.D. 11/1/97 -

Laura E. Duvall

Lead Engineer

Thomas Rathjen
(see Project 01-0)3)

9/25/00 — 10/13/01

John N. Evanoff, Ph.D. Assistant Professor William Paloski, Ph.D. 7/23/01-
Philip Foster, M.D., Ph.D. Assistant Professor Michael Gernhardt, 10/19/98 -
Ph.D.
Wendy Garner, Ph.D. Assistant Professor Janice Meck, Ph.D. 11/24/97 -
Todd Hellner Lead Engineer Thomas Rathjen 9/24/01
fsee Project 01-3)

Meena Husein Manager, Data James Logan, Ph.D. 6/1/01 -
Administration

Ralph Krog Manager, Data James Logan. Ph.D. 9/17/01 -
Administration

Lawrence H. Kuznetz, Ph.D. Assistant Professor William Paloski, Ph.D. 8/20/01 -

Giles Maule, Ph.D.

Research Associate

Clarence Sams, Ph.D.
(see Project 97-3)

1/24/00 — 3/1/02

Ajitkumar Mulavara, Ph.D. Assistant Professor | Jacob Bloomberg, Ph.D. 8/20/01 -
John B. Peacock, Ph.D. Associate Professor Thomas Rathjen 10/30/00 -
Michele Perchonok, Ph.D. Assistant Professor Thomas Rathjen 9/5/00 -

Lanny Rudner Student Intern Donald Hagan, Ph.D. 6/17/02 -

(see Project 02-4)

Sudhakar Rajulu, Ph.D. Assistant Professor Thomas Rathjen 4/17/00 -
Lawrence Spector L.ead Engineer Thomas Rathjen 9/25/00 -
Cary J. Zeitlin, Ph.D. Co-Investigator Francis Cucinotta, Ph.D. 5/13/02 -

(see Project (02-3)

Project 02-3, Experimental Charged Particle Detector Radiation Project, provides an
internationally known expert in the area of experimental charged-particle detection to work with
the JSC Office of Radiation Health. Duties include providing leadership in designing, trouble-
shooting, calibrating and analyzing radiation detectors that measure the charge and energy of
heavy ions and protons in Mars orbit, in Earth-Mars transit, and on the International Space
Station. NSBRI, in cooperation with JSC management, hired Dr. Cary J. Zeitlin in FY 2002 and
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also appointed him as Co-Principal Investigator of the Experimental Charged Particle Detector
Radiation (MARIE) Project.

Project 02-4, Evaluation of In-Flight Daily Exercise of ISS Crewmembers, provides a student
intern to evaluate ISS crewmember in-flight exercise data for exercise mode, frequency, duration
and intensity to determine the total amount of power expended per week. The power data will be
correlated with the preflight and postflight changes in bone mineral density. muscle size and
strength, orthostatic tolerance, and changes in aerobic capacity to determine the efficacy of the
exercise prescription. The second specific task is to perform data analysis on the development of
the Artificial Gravity Project. To carry out this project, the NSBRI hired Lanny Rudner. a first-
year medical student at Baylor College of Medicine, in FY 2002.

Project 02-5, Experimental Radiation Biologist, provides an experimental radiation biologist to
work with the JSC Radiation Biophysics Laboratory and the Space Radiation Health Project
(SRHP). The person in this position will provide leadership in developing new methods in
cytogenetics, biomarkers and studies of genomic instability. Duties include developing protocols
for understanding the origin and outcome of clonal aberrations found in blood samples.
supporting the biodosimetry activities ongoing in the Radiation Biophysics Laboratory and
coordinating the research integration efforts of the SRHP. Recruiting efforts were initiated for
this position at the end of FY 2002.

11.0 FUTURE DIRECTIONS

As the Institute moves forward in partnership with NASA to develop countermeasures to
mitigate biomedical risks and ensure the health and safety of astronauts on long-duration
missions, it will be necessary to increase collaborative efforts between the NSBRI and NASA.
The research teams will require increased presence of medical operations personnel, NASA
engineers and flight surgeons. Productivity metrics need to be introduced, based in part on
outcomes models to meet requirements for various length missions. To this end. a driving force
for NSBRI countermeasure development should be NASA’s increasing emphasis on the Clinical
Status Examination and its associated requirements for astronaut health and safety.

NASA is currently writing its Strategic Plan for Bioastronautics, and it will be important that the
Institute’s Strategic Plan be consistent and complementary to the NASA plan. Moreover, both
volumes of the NSBRI Strategic Plan will be presented to the External Advisory Council for
critiques. The Council will require added members, and the Board of Scientific Counselors will
be reconstituted. The User Panel will be engaged as the Institute moves forward with
developments at higher countermeasure readiness levels. The Committee on Research and
Technology Transfer, along with the Industry Forum, will also be more active in supporting the
applications of new discoveries and technologies for space and Earth.

The tactical implementation plan will depend on the actual FY 2003 budget. Itis a priority to

support the ongoing research program, as well as to fund several new proposals and launch the
fellowship program. Approximately one-half of the research projects will turn over in FY 2004.
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It is critical that the solicitation for FY 2004, which will likely be released in coordination with
NASA in early 2003, be targeted to ensure the success of the Team Strategic Plans.

The terms of the Team Leaders will expire in FY 2004, and it is important that the Team Leader
Guidelines be completed, reviewed through the External Advisory Council and Board of
Directors and then forwarded to NASA., to bring closure to one of the topics raised in the Review
of the National Space Biomedical Research Institute Strategic Research Plan. A special call for
Team Leader applications will likely accompany the 2003 research proposal solicitation.

In addition to Team Leader Guidelines, several other documents and policies will be developed
and/or clarified. For example, it will be helpful for investigators to know the various pathways to
flight for their scientific and technical projects.

The Institute will continue to emphasize education and public outreach, communications,
bioinformatics. data archiving, integration of its activities and diversity. With a commitment
from NASA of a stable budget and the possession of a bold forward-looking vision with the
people and resources to meet the Institute’s goals and objectives, FY 2003 holds great promise
for the NSBRI and its NASA partner in space life sciences and countermeasure development.
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1. EXECUTIVE SUMMARY

The National Space Biomedical Research Institute (NSBRI) is a unique, non-profit scientific partnership
established in 1997 following competitive selection by the National Aeronautics and Space
Administration (NASA). Within its first five years, and in collaboration with the Johnson Space Center
(JSC), the NSBRI has made enormous progress in initiating and implementing strategies to meet its
mission, goals and objectives as set forth in its Cooperative Agreement Notice.

The NSBRI has engaged and coordinated outstanding academic, industrial and government researchers
and educators in a team-based effort to develop countermeasures to reduce the significant health risks
associated with human space travel. It has leveraged and added value to the resources of the nation’s
leading biomedical research institutions, NASA facilities and industry. Looking forward, the NSBRI is
well positioned to efficiently and effectively conduct ground and critical in-flight studies of high
relevance and impact for NASA, with tangible benefits for the American people.

Over the next five years, the NSBRI plans to build on its strengths and fill gaps in three interconnected
Strategic Programs that allow its mission to be achieved. These Programs are the:

¢ Countermeasure Research Program

¢ Education, Training and Outreach Program

e Cooperative Research and Development Program
In this Strategic Plan, current strategies. identified gaps and proposed modifications, and the resource
requirements to maintain momentum in a changing program environment at NASA are described for each

of the Programs. Program integration. combined with an efficient administrative infrastructure, yields a
bold plan that is science driven and in accord with the President’s Management Agenda.

This Plan lays out the requirements for a bascline program. as well as an augmentation plan to fully
implement the Institute’s strategies for the next five years.
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2. INTRODUCTION

2.1. PURPOSE

The purpose of this document is to present the strategic plan and associated organizational structure that
the NSBRI will utilize to achieve the defined mission and objectives provided by NASA. Much of the
information regarding the background and establishment of the NSBRI by NASA has been provided in
other documentation and will not be repeated in this Strategic Plan.

This Strategic Plan is presented in two volumes. Volume I (this volume) begins with an Introduction
(Section 2) that provides the Institute’s NASA-defined mission and objectives, and the organizational
structure adopted to implement these through three Strategic Programs: Countermeasure Research;
Education, Training and Outreach; and Cooperative Research and Development. These programs are
described in Sections 3 to 5. Each program is presented in a similar way, using four subsections: Goals
and Objectives; Current Strategies; Gaps and Modifications: and Resource Requirements. Section 6
provides the administrative infrastructure and total budget required to implement the Strategic Programs
and assures that they form a single cohesive plan. This plan is science driven and is in accord with the
President’s Management Agenda. Following this plan will ensure continued success of the Institute for
the next five years.

Volume 11 of the Strategic Plan provides an in-depth analysis of the current and future strategic programs
of the 12 current NSBRI teams. including their goals, objectives. mutual interactions and schedules.’

2.2. MISSION

In June 1996, NASA released a Cooperative Agreement Notice (CAN) inviting proposals to establish a
National Space Biomedical Research Institute (9-CAN-96-01). This CAN stated that:

The Mission of the Institute will be to lead a National effort for accomplishing the
integrated, critical path, biomedical research necessary to support the long term human
presence, development, and exploration of space and to enhance life on Earth by applying
the resultant advances in human knowledge and technology acquired through living and
working in space. The Institute will be the focal point of NASA sponsored space biomedical
research.

This statement has never been amended by NASA and remains the mission of the National Space
Biomedical Research Institute.

2.3. COMPETITIVE SELECTION

The institute, now called the NSBRI (or “Institute™), was selected by NASA in March 1997 following a
two-phase, competitive review of proposals received in response to the CAN. Seven academic
institutions (Baylor College of Medicine, Harvard Medical School. The Johns Hopkins University School
of Medicine and Applied Physics Laboratory. Massachusetts Institute of Technology. Morchouse School

' A separate Progress Report provides additional information related to the Institute’s activities. including current membership in
NSBRI's boards and advisors panels. It also summarizes progress of the NSBRI since the Site Visit Review Report of the
National Space Biomedical Rescarch Institute in 2000.
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of Medicine, Rice University and Texas A&M University) made up the initial consortium governing the
NSBRI.? Baylor College of Medicine is the lead institution and houses the NSBRI Headquarters.

On April 14, 1997, the NSBRI became chartered in the State of Texas as a not-for-profit 501(c)3
corporation. After a 60-day definition period, on May 29, 1997, NASA and the NSBRI signed a
Cooperative Agreement (NCC-9-58) and Cooperative Agreement Management Plan with NASA JSC.

2.4. OBJECTIVES

The CAN specified eight objectives that the NSBRI should fulfill in order to accomplish its mission.
These are listed below. For ease of reference in this document, these objectives are numbered and given a
brief description.

Objective 1. Knowledge Integration and Risk Evaluation
Integrate the knowledge base relevant to the biomedical response of humans in space,
including understanding the risk levels associated with this knowledge base, and to
recommend acceptable risk levels for long-duration missions. Risk levels in this context
relate to the medical risk to the human participants as a result of deleterious effects of
space flight, as well as to the subsequent risk to overall mission success.

Objective 2. Countermeasure Development
Develop and manage the implementation of a research plan that will tead to the required
knowledge and technologies (across all biomedical and associated technological
disciplines) for long-duration human space flight. including specific countermeasures
where required.

Objective 3. Science Management Plan
Develop and provide a science management process that will support the overall human
in space biomedical research program.

Objective 4. Scientific Knowledge Dissemination
Ensure the dissemination of advances in knowledge resulting from this program to the
scientific community.

Objective 5. Science Community Access
Facilitate science community access to the NASA space infrastructure associated with
biomedical research.

Objective 6. Industry Partnerships
Promote and provide active collaboration with for-profit entities to ensure that developed
technologies are transferred to the private sector.

Objective 7. Research Optimization
Implement a “best value” research program for the available resources.

Objective 8. Education and Public Outreach
Conduct educational and outreach programs consistent with the Institute’s mission.

2 In 2000. the consortium membership expanded from seven to twelve institutions following a competitive review process. I'he
additional members are Brookhaven National Laboratory. Mount Sinai School of Medicine. Uiniversity of Arkansas for Medical
Sciences. University of Pennsylvania Health System and University of Washington. See Guideline 8 (Scction 2.3)
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2.5. AUGMENTATION GUIDELINES

In March 1999, as NASA and the NSBRI prepared an augmentation plan that NASA would submit to
Congress as part of the President’s budget plan for FY 2001, NASA provided guidelines to the NSBRI
concerning expected growth and strategic modifications if the augmentation were approved. These
guidelines included:

Guideline 1.  Original Team Growth
Strengthening the original research teams by increasing the number of tasks/team and
opening participation to the entire academic community.

Guideline 2. New Team Formation
Identification and initiation of new discipline research teams (i.e., neurobehavioral and
psychosocial health); Initiation of new integrated research teams (i.e., nutrition, physical
fitness and rehabilitation; integrated human function); and Increased focus on crew health
(i.e., smart medical systems).

Guideline 3.  Space Flight
Initiation of space flight studies.

Guideline 4.  Critical Path Roadmap
Increased emphasis on and potential management of the Critical Path Roadmap.

Guideline 5.  Education and Public Outreach Expansion
Expansion of original education and outreach program. consistent with Institute growth.

Guideline 6.  Training Program
Development of graduate and postdoctoral training programs.

Guideline 7. Data Consolidation
Increased emphasis on space biomedical data collection, evaluation, and consolidation.

Guideline 8.  Consortium Growth
Growth in consortium membership through open competition.

The augmentation for FY 2001 was approved.

2.6. STRATEGIC PROGRAMS

A gap analysis was carried out by comparing the status of current NSBRI activities with both the original
Institute objectives, as specified in the CAN (Section 2.4). and the augmentation guidelines. defined in
1999 (Section 2.5). The result of this analysis led to the present Strategic Plan, which is designed to
continue activities, and to fill existing gaps, in order to achieve the CAN objectives and augmentation
guidelines through measured growth and development over the next five years. This approach involves
three interconnected Strategic Programs:

e Countermeasure Research Program (Section 3)
Designed to accomplish all or part of Objectives 1, 2, 3,4, 5, 6 and 7 and follow Guidelines 1, 2,
3. 4and7.

e Education, Training and Outreach Program (Section 4)
Designed to accomplish Objectives 4, 5 and 8 and follow Guidelines § and 6.

e Cooperative Research and Development Program (Scction 5)
Designed to accomplish all or part of Objectives 1, 2, 3,4, 5. 6 and 7 and follow Guidelines 3, 6,
7and 8.
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The Countermeasure Research Program is a core program that enables the Institute to achieve its primary
goal. The Education, Training and Outreach Program is also a core program that allows the Institute to
accomplish its secondary goals. The Cooperative Research and Development Program is a non-core
program that enhances the other two programs and allows the Institute to accomplish additional goals.
The goals of the Institute, listed by Program, are to:

e Primary Goal - Countermeasure Research Program
Lead an integrated research effort focused on development of countermeasures that eliminate,
ameliorate, or mitigate the biomedical risks of long-duration space flight, that enable safe and
productive exploration and development of space and that improve healthcare on Earth.

e Secondary Goals - Education, Training and Outreach Program
* Develop coordinated, multi-institutional graduate and postgraduate training programs
designed to produce the next generation of space biomedical researchers.

» Transfer the medical and biomedical findings of space research to the scientific
community, the home and the classroom, particularly by stimulating interest in the space
life sciences in students of all ages across the entire spectrum of diversity.

e Additional Goals - Cooperative Research and Development Program

Create mechanisms for integrating knowledge and technologies. addressing operational
requirements early in research development and translating discoveries for possible
commercialization.

These programs, and their associated goals, build on the strategies that have been utilized during the first
five-year period of the Institute’s operation; yet they allow the Institute to maintain momentum in a
changing program environment at NASA. For example, while the focus of the human space program has
shifted recently from exploration-class missions beyond low-Earth orbit to extended-duration missions in
low-Earth orbit, the Institute’s Countermeasure Research Program remains relevant, and provides for
effective and efficient structure and flexibility. Priorities and risk understanding and mitigation
concerning human space flight will undoubtedly continue to change. and this has been factored into the
strategic planning for this and the other Programs over the upcoming five-year period.

-

The three Strategic Programs are described in detail in separate scctions (Sections 3 to 3). There is
coordination and added value among the Programs, enabling the Institute as 2 whole to carry out its
mission with high impact for NASA. Figure 1 shows how the programs are interconnected through the
Institute’s organizational structure. In describing each Program. Sections 3 to 5 each contain four parts:

e Goals and Objectives;

e Current Strategies and how they are addressing the CAN objectives and augmentation guidelines:

e Gaps and the resulting Modifications to strategies required to address the gaps: and

e Resource Requirements to implement the proposed strategies.

2.7. PROGRESS AND VALUE

During the first five-year period, NASA and the NSBRI have planned. initiated and demonstrated that an
integrated and multidisciplinary team approach to space biomedical research. engaging the best of the
scientific community to collaboratively develop knowledge and technologies that lead to effective
countermeasures. is a successful model. In five short vears. the NSBRI has moved from a paper concept
to a world leader in applied space biomedical rescarch. The Institute has made substantial progress

W
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towards achieving many of its objectives and has brought a new focus into some areas of research. The
endeavor is no longer an experiment, but represents a proven paradigm shift in how NASA can
successfully implement a program to significantly advance biomedical research for the human space
program, as well as support the President’s Management Agenda. The Institute’s mission remains of high
priority, as stated in the International Space Station Management and Cost Evaluation Task Force report
(November 2001), which was “unanimous in that the highest research priority should be solving problems
associated with long-duration human space flight.”

Figure 1. NSBRI Organizational Structure

(Strategic Programs shown in red)
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In going forward, the NSBRI seeks to build on the unique value it brings to NASA. including:

e A new approach to scientific management that successfully integrates some of the best aspects
of research management by NASA and other federal agencies such as the National Institutes of
Health (NIH) and the Department of Defense (DoD). This is accomplished by integrating peer-
reviewed research projects by individual scientists in medicine. biology. physics and engineering
into focused programs. with the scientists working together in teams to solve high priority
biomedical problems for NASA. Those teams include the members from NASA’s intramural
science program and are connected directly to NASA’s operational activities in medicine and
health-related areas.
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¢ Rapid development of countermeasures by research teams of exceptional scientists led by
outstanding scientists/managers who coordinate efforts and foster collaborations and integration
within and between teams, to achieve solutions that might not be obtainable by a single project or
within a single team.

e Demonstrable achievements delivered ahead of schedule, capitalizing on the team approach, on
leveraging and on the use of capabilities not obtainable by alternative government or privately
sponsored sources.

2.8. CORRESPONDENCE WITH THE PRESIDENT’S MANAGEMENT AGENDA

The NSBRI is an outstanding example of how a private, goal-directed scientific enterprise, which engages
the academic community and resources of the nation’s leading research institutes, can partner with
government (i.e., NASA) to rapidly achieve outstanding results at low relative cost, and with significance
for the human space program and the American people. NASA has therefore aggressively embraced the
elements of the President’s Management Agenda in the establishment of the NSBRI. This Strategic Plan
ensures that the elements of the President’s Management Agenda are implemented as follows:

Strategic Management of Human Capital - The NSBRI is a private entity that engages outstanding
researchers to work together on coordinated and integrated teams to solve problems of high priority for
NASA without adding a single civil servant to the government payroll.

Competitive Sourcing - The competitively-selected NSBRI provides an excellent example of how
government can outsource a results-driven program to take advantage of distributed expertise, and
improve the quality, and reduce the time to development. of deliverables.

Improved Financial Performance - The NSBRI has a streamlined accounting process operating with
minimal bureaucracy. a handful of personnel and cost savings through master agreements that apply more
money for direct research expenditures.

Expanded Electronic Government - Almost all business transactions among the distributed institutions.
including grant proposal submissions. are conducted electronically.

Budget and Performance Integration - The NSBRI is task oriented with the ability to shift resources. as
guided by the prioritization of projects to risk mitigation, as set forth by the NASA Critical Path Roadmap
and by the assessment of Countermeasure Readiness Levels and Countermeasure Development Phases.’

' These terms are explained in Scction 3.
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3. COUNTERMEASURE RESEARCH PROGRAM

3.1. GOALS AND OBJECTIVES

Nearly all the CAN objectives and more than half of the augmentation guidelines provided to the NSBRI
by NASA relate directly or indirectly to countermeasure research. Those objectives and guidelines
include the following:

Objective 1. Knowledge Integration and Risk Evaluation
Objective 2.  Countermeasure Development

Objective 3. Science Management Plan

Objective 4. Scientific Knowledge Dissemination
Objective 5. Science Community Access

Objective 6. Industry Partnerships

Objective 7. Research Optimization

Guideline 1.  Original Team Growth
Guideline 2. New Team Formation
Guideline 3.  Space Flight
Guideline 4.  Critical Path Roadmap
Guideline 7. Data Consolidation

The NSBRI intends to accomplish these objectives and follow these guidelines by making the NSBRI's
primary goal to lead an integrated research effort focused on development of countermeasures that
eliminate. ameliorate, or mitigate the biomedical risks of long-duration space flight. that enable safe and
productive exploration and development of space and that improve healthcare on Earth.

3.2. CURRENT STRATEGIES
3.2.1. Overview

When the Institute was created. a strategy was implemented in order to fully accomplish the original CAN
objectives. Although it was impossible to accomplish thosc objectives within the originally specified
budgetary profile, it was possible to develop a science management approach that enabled the NSBRI to
contribute to focused areas of countermeasure development. When the budget was increased. and the
NSBRI’s research portfolio increased in breadth and depth. it became clear that the NSBRI was
establishing itself as a unique national resource within the human space program. Over the next five
years, the Institute intends to build upon its successful strategy for developing countermeasures using a
set of coordinated and integrated methods that have been designed. tested and proven in the Institute’s
first five years. These methods are described in this section relative to the CAN objectives and
augmentation guidelines listed above.

3.2.2. Critical Path Roadmap

Within the first year of the Institute’s existence. NASA and the NSBRI used their new partnership to
jointly develop the Critical Path Roadmap (CPR).* This formal. controlled document identifies and

*. The CPR is provided as a separate document accompanying this Strategic Plan. The CPR s also available onhne at
http://criticalpath.jsc.nasa.gov.
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makes publicly known the biomedical risks of space flight and the research questions that must be
answered to reduce those risks. The CPR is directly relevant to several of the CAN objectives and
augmentation guidelines, particularly to Objective 1 (Knowledge Integration and Risk Evaluation) and
Guideline 4 (Critical Path Roadmap). The CPR is an interdisciplinary approach to the assessment and
management of the risks associated with long-term exposure to the space environment. It is derived from
an overarching general strategy that integrates requirements, risks, risk factors, critical questions, tasks,
deliverables, and risk mitigation with the intent of directing biomedical research in support of human
space flight. The CPR is based in part on recommendations from internal NASA experts, NSBRI
scientists, advisory committees, task forces, and published reports such as the National Research Council
Space Studies Board’s “A Strategy for Research in Space Biology and Medicine in the New Century,” as
well as numerous other reports.

The current CPR is a product that has identified 55 risks. which are categorized into four groups: I. I, 11
and IV, | being the most severe. The risks are rank-ordered, based on their severity, within each of the 12
discipline areas underlying the CPR. Additionally, the risks are associated with 343 critical questions,
where 250 are unique, reflecting both the breadth and interactive nature of each of the risk areas (see
Table 1 for an example of a typical critical question list).

Table 1. Example of a Chart from the CPR

6.10 Radiation Effects

Risk' CQNo.’ | Criucal Queation’ cQ Priomﬂ Critical Guestion &
| ! | Risk Mitigation/ CW
! : Category
Carcinogenasis Caused 1009 Whal are lhe cancer asks m fizmans from 1 fuss Assessment
by Radiation spaceflight”
{Risk No. 38) e
1017 T What 15 the acCaptabie acouraly for nsks of | Ris< Assessment

racuty ond kite effucts o hurnans from
pRolors 1o adequatily Bxrapolie o space”™

TO05 |Are there umque biological e'lects asseciated | E Machamsms
wmth HZE's? !
N7 [How can anmal and cell exgenments be i 1 Mecharisms

done andd 2ata test be used 1o extrapoiate 10
the human risk from space radiation™

1010 [Whal are the risks from SPE 1, and what 1s 1 | Rosk Assessmont
their impast on operations. EVAs and surface | i
Bxpk abon? !

""I0 08 [How £0 the Inchness, design, and material | 1 " Counermeasures

composilion of space vetucies atlect the |

NRIN3E FACIALLN EIronment and xuiogical ’

. assessment? o .
1006  |Do we have strategies lor caicaIng rsks 2 © Countermeasuies

that are agequate if experted dad ae |

provided and what are uncentainues”?

1006 | Are there criferentes in (ASPONSE 10 paricies H Mecharesins
with semiar LET . bt with ditferent atonic
laumrbers and energes”

7012 [Whal are he eMects 0! age. qende’. and 2 T Mechansms
inte-INdicudl Cive: sity ” h

[ 1507 “Are thé oioiogica: effacts lor protars above 10° 3 Macharesme
“MeV sutlicertty suniar 1o pholons thist
proton data can be used for ther
consegyuences?

T3 Are there chemopreventr @ OF DIGICICH T 7T 7 Countermeasuics |
,agonis which woLkd mingale acute of 1ale
retlects®

9



National Space Biomedical Research Institute Strategic Plan

3.2.3. Countermeasure Readiness Levels

NASA has developed a scale to define, assess, and quantify the level of “countermeasure readiness.” The
use of this Countermeasure Readiness Level (CRL) scale allows NASA and the NSBRI to determine how
each funded research project fits into the countermeasure development “flow” and to monitor progress in
countermeasure development, in keeping with certain aspects of Objective 2 (Countermeasure
Development) and Objective 3 (Science Management Plan). Figure 2 illustrates the CRL scale, which
describes the level of scientific maturity of countermeasure research, from the fundamental studies that
suggest potential countermeasures, to studies that allow the systematic evaluation and validation of
countermeasures ready for operational implementation.

Figure 2. Countermeasure Readiness Levels
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5 PROOF OF CONCEPT TESTING AND INITIAL
DEMONSTRATION OF FEASIBILITY AND EFFICACY.

COUNTERMEASURE 6 LABORATORY/CLINICAL TESTING OF POTENTIAL
DEVELOPMENT  —f COUNTERMEASURE IN HUMAN SUBJECTSTO
DEMONSTRATE EFFICACY OF CONCEPT FOR
SPECIFIC PROBLEM

7 INTEGRATED EVALUATION WITH HUMAN SUBJECTS IN
CONTROLLED LABORATORY CONDITIONS SIMULATING
COUNTERMEASURE OPERATIONAL SPACE FLIGHT ENVIRONMENT
DEMONSTRATION

8 VALIDATION WIiTH HUMAN SUBJECTS IN ACTUAL
OPERATIONAL SPACE FLIGHT TO DEMONSTRATE
EFFICACY AND OPERATIONAL FEASIBILITY

COUNTERMEASURE
OPERATIONS ——— 9 COUNTERMEASURE FULLY FLIGHT TESTED AND

READY FOR OPERATIONAL IMPLEMENTATION

3.2.4. Countermeasure Development Phases

Although CRLs represent a useful management tool for the general NASA biomedical research program,
the NSBRI has found that a complementary scale provides additional insight for managing its program of
countermeasure development. That scale, termed Countermeasure Development Phases (CDP). has only
six levels and is defined in Figure 3. Most NSBRI research activity takes place in phases one to three. In
Volume 11 of this Strategic Plan. each research team uses this scale to show their schedule of progression
to final operational countermeasures.
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3.2.5. Countermeasure Development Strategy

Figure 3. Countermeasure Development Phases

Phase 0 (CRL 1):
Observational &
Phenomenological
Research

Detmes Probiem
Allows Qualitative Risk Evakiagon

Phase 5 (CRL 9):
Operational
Countermeasure

Phase 1 (CRL 2-3):

Focused Mechanistic Research
Determines Mechaisms & Pathways
hivoives Suitable Model Systems
Enables Constrizcyon of Countermeasire
Developrnent Strate(ges
Enables Further Risk Assessinent by Anziogy
with Earth Medki cal Problens
Deterrnimes “Acceplable” t evel of Risk

Phase 4 (CRL 7-8):
Countermeasure
Evaluation &
Validation Testing
Con¥ofted Integrated Evakiaton in Skiixted
Fhgint Condirons

Space Fiiht Vakda¥on Under Operatond
Condions

Phase 2 (CRL 4-5):
Preliminary Countermeasure
Development Research

Formmxnason & midal Testny of Countermeasiire Srategies
hivoives Mod el Systans & Preinnary Humnan Research

Phase 3 (CRL 6):

Mature
Countermeasure Development
‘ Research

Funa Sudyect Dernonstratron Test of
Ettcacy of Coumenneasire Suateqy

Strategic Plan

To achieve Objectives 2 (Countermeasure Development), 3 (Science Management Plan) and 7
(Research Optimization), the NSBRI follows a strategy involving five distinct. but related. steps in
developing and managing a focused. integrated research program culminating in operational

countermeasures:
l.

rJ

‘-Bw

5.

Identification of research needs and determination of priorities:

Open solicitation, peer review and selection of research projects:

Implementation of integrated research program:

Evaluation of program and projects for

Quality and productivity,
Progress towards defined countermeasure goals and deliverables.
Operational relevance and contribution to an evidence-based approach to space medicine.
and
Applicability to Earth-related problems: and

Programmatic optimization based on evaluation outcome.

The Institute carries out all of these steps. as depicted in Figure 4. using a special team-based integrated
research infrastructure originally proposed and implemented in 1997. This approach has demonstrated its
effectiveness during the first five vears of NSBRI's existence. by enabling higher and higher levels of
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countermeasure readiness to be achieved in each of the Institute’s research areas, and by drawing
outstanding new investigators to space-related problems.

Currently, the NSBRI’s biomedical research program is implemented through nine discipline research
teams: Bone Loss; Cardiovascular Alterations; Human Performance Factors, Sleep and Chronobiology;
Immunology, Infection and Hematology; Muscle Alterations and Atrophy; Neurobehavioral and
Psychosocial Factors; Neurovestibular Adaptation; Nutrition, Physical Fitness and Rehabilitation; and
Radiation Effects. A tenth Institute team, Smart Medical Systems, aims to allow for health assessment
and evidence-based medical care support for the astronaut in flight, reducing the risks associated with
the occurrence of medical events during the mission and optimizing medical countermeasures. An
eleventh team, Technology Development, provides a strong technological base for the research program
on Earth and in space. The Smart Medical Systems and Technology Development Teams relate closely to
the activities of the discipline teams. Three of these teams (Neurobehavioral and Psychosocial Factors;
Nutrition, Physical Fitness and Rehabilitation; and Smart Medical Systems) were instituted in FY 2001 in
order to fulfill augmentation Guideline 2 (New Team Formation).

Figure 4. Countermeasure Development Strategy

Critical Path

f Roadmap ‘\

1. ldentification of
Research Needs & A 5. Programmatic Optimization
Determination of N Based on Evaluation Qutcome
Priorities
Extes mal Advisory Cowmeil ] - Board of Scierktific
3 Coanwelors Quairty,
Board of Dis ectors Progess, Productivity &
Applicalutity to Earth
Medicine
o U'ses Paned: Opesational
. Relewance
2. Open 4. Evaluation of Program &
Solicitation, Peer Projects:
Review & Selection Oualny.jﬁoaesss Productivity
Progess Towands Counmermeasines
Offe?ear‘:h Operanonl Relevance
rojects Applicabilty to Earth Methcal Problens
Peet Review: Boardt of | . .
Scientific Coimrselors 1 m:nne:;;ml:es
Progranimatic R elevance: ;?; P 39
Team 8 Institite schvng
Mamagenent » Shating

\__. 3. Implem entation of Integrated Research Program
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3.2.6. Team Strategic Plans

Each of the research teams carries out a countermeasure-focused research program containing individual
projects tied tightly together by a Team Strategic Plan. These plans are contained in Volume I of this
Strategic Plan. These plans unify and guide each team’s research program and summarize the steps that
the teams are taking to develop the specific countermeasures required to eliminate, ameliorate and/or
mitigate the biomedical risks in question. They also provide the schedule each team intends to follow in
completing their tasks. These team strategic plans represent one of the major research management tools
of the Institute and contribute significantly to achieving Objectives 1 (Knowledge Integration and Risk
Evaluation), 2 (Countermeasure Development), 3 (Science Management Plan), 5 (Science Community
Access) and 7 (Research Optimization).
In each team’s Strategic Plan, there are, among other things:

e Identification of the CPR risks addressed by the team; ’

e Listings of risk-based goals and non-risk based goals addressed;

e A description and evaluation of the current program;

e Objectives and strategic activities for each goal, with clearly delineated objectives of how and when

each goal will be accomplished: and

e An executive summary.

Table 2. Example of Project Research Activities from Team Strategic Plans

(Cardiovascular Alterations Team)

YJable 4.1. Project Research Activities {continued)

! | Phase 1 PPhas: 2 | Phase 3
; rcti ¢ | Activitics: { Activities:
. . | . Activities: "
Rivkis) Countermeasure | kFaperimental Focused | Pretiminary | Mature
PI/Project Addressed Target : System \ u;uu i i Countermeasure | Countermeasure
velamie Development © Desclopment
Rercarch
Research Rescarch
CCOHEN e ot DHimostatie » Phamacalogical ©ire and post thent | Fltect ot ¢ an post skt Tre and povt et
Soace Fhghton L potensinn Ahdodrnine and humans marpoavit o b of humans ol
Cardhesaseular St Lxerise LoSprondlacione, ® UV revnianon @ Midedrme ® ANadodrne
Dyvarbythmiac 1o Do (Plearalyuess POy Soven o Spirutolatog ® Spironaledtone
. Poohnntticepons e Dicty Eleciralviess o Dicciteetohiesd
i ! i o1 artiythiins e spiroanlactone
i ) l-Wave
AHternang . e ~
COOLAHAN Diashuted ] Ortaosiang Simalaunn of eficct- Comprer made! Dve opane aDevelop inteerate o Anahys L broe
sSpuiaten of Lteprated mvpotension | of wnle vintets of of the viidatc O\ meded U anmat and hawan
Muman Fencoant Prnabvhmns | oftero pedoning Carshien aseubae avvuraie mod] eDevclop miegrawed [ISSENNH
Carduc COURLTINTAMIFCS otens intecrzed 0 ot mnocite and mode] meorporstng: COUMCTTIeAsLICS
funclion nicluding exercise with ether ssstems bew ather 2y stents !
CV e sSuntiate ethecry o
baerogse space Dvhtand
. SURERURNIG 6.4 CLET L S S S
DELECocularon Orthastatic Peripheral vawular i e Hmabme Mo e clicas Basluale awta e Tust coutiermicasares
Kemodehnz witn hy potensiow COUnIIIM e -ures ‘ snbehine (43 1 and nechansons adennty and tben oy human studies
Simuiated Micrograsony Carde [RE AN af H D oootenil :
turction \ ® Shuttic fhem Stie heht one | counienmedsurgs ‘
Facron. CoasNIN BTy cetopial A ‘
i i ra peripher 4‘
| vaseuar beds,
i ’ nephatics |
| Ceardin mas !

In the case of the Technology Developmemt Team. the identification concerns technological needs of the other teams rather
than the CPR. The Technology Development Team leads a working group involving the other teams to identify technological
needs to advance the research of the Institute,
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Table 3 summarizes some of the integration activities of the Smart Medical Systems Team, which has
multiple collaborations in core modeling efforts, systems engineering for the design of common
(reconfigurable) hardware platforms that will support and integrate multiple medical sensors and
effectors, and pathways to the biotechnology, medical device and pharmaceutical industries. All teams
have integration activities for internal communication, experimental development, sample sharing,
synergistic studies of opportunity and participation in the development of a systems model of integrated
human function.

In the Institute, countermeasure development is accomplished by answering critical questions in a timely
manner using a logical, science-driven strategy, with ongoing dissemination of advances in knowledge
to the scientific community through publication and other means, contributing to the accomplishment of
Objective 4 (Scientific Knowledge Dissemination). An example of the time course of objectives and
strategic activities to accomplish goals for the Muscle Alterations and Atrophy Team is provided in Table
4.

Table 4. Example of Time Course of Objectives and
Strategic Activities to Accomplish Goals
(from Team Strategic Plans - Muscle Alterations and Atrophy Team)

Table 73 Achieving Goal 1 Reduce Rusk: of Loss of Muscle Mass. Suength and Endurance

Coumermeasin e Developmeitt Phases Pre 12001 20022003(2004[2005(2006{2007/2008 200920 1020112012
2001

Phase 0: Obselvational & Phenomenologic al Reseaich

Plhiase 1: Focused Mechanistic Reseaich

Understand muscle protein degradation

Determne slow-to-fast phenotype shft

Discern role of reactrve oxygen species

Define loathng-sensitive muscle genes

s Deternune how resistive exercise reduces atrophy of human muscle
o Deternune effects of artificial gravaty on muscle

o Identify acceptable target levels of nsks in humans

Phase 2: P1eliminary Counternmeasw e Developimenn Reseaich

“ o o .

«  Test actvity paradigms that create ansbolic state and reduce atrophy in
animals and humans

+  Test pharmacological interventions for muscle degradation and other
muscle unlcadmg effects

e Study role of antioxidants as nutntional countermeasuwre strategy

«  Determine whether artificial gravity is a feasible countermeasure to muscle
atrophy 1n humans

Phase 3: Mature Counerneasin e Developineit Reseaich

o Develop integrted e xercise, nutntional, and pharmacological |
countermeasure and test in humans !

e Determune whether artificaal gravity, in conjunction withihe exercise,
nutntonal, and pharmarcological countermeasure above, further reduces
muscle atrophy in humans

Phase {: Cotnenmeasue Evaludtion & Validation

«  Testing of mtegrated e xercise, nutntonal, pharmacalogical
countermeasure with artificial gravity

Phase 5: Opel ational hnplemeitdtion of Counmtermeasine Staegy

th
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Many steps may be required to identify where in the physiological cascade of events to apply
countermeasures and what form countermeasures should take. These steps, which may include
performing basic research to decipher the mechanisms underlying the hazardous physiological changes
induced in a microgravity environment and preliminary testing of candidate countermeasures on animal
or human models of microgravity, are part of the distinct phases of countermeasure development (see
Figure 3). As the countermeasures mature, the level of integration among the various countermeasure
candidates increases through the sharing of protocols and data. and through common modeling and
technological approaches. Ultimately, the performance and effectiveness of the Institute Countermeasure
Research Program is assessed, in part, by the research teams’ abilities to reduce the severity and number
of risks in the CPR through countermeasure development in a given period of time, thereby achieving
Objective 2 (Countermeasure Development).

3.2.7. Institute Science Management

Managing the NSBRI's ongoing focused research program involves the cyclical steps described in
Section 3.2.5 and shown in Figure 4. augmented by periodic NASA-sponsored reviews. This section
summarizes the Institute’s Science Management Plan, designed to satisfy Objective 3 (Science
Management Plan). For an overview of the Institute’s management structure, see Figure .

3.2.7.1. Evaluation of Current Program and Determination of Programmatic Needs

Program evaluation is an ongoing process involving several distinct steps. First, the Institute’s Board of
Scientific Counselors annually evaluates the quality. productivity and progress of each project and of each
research tcam as a whole. This evaluation is provided to NSBRI senior management and the External
Advisory Council (EAC). team leaders. and investigators. as appropriate. Second. at its semiannual
meetings, the EAC advises senior management of the effectiveness of the research program and of
corrections necessary to fill gaps related to the CPR. Third. when countermeasure strategies have reached
a sufficient level of maturity, the User Panel. consisting of present and former astronauts and flight
surgeons, evaluates the operational suitability of the resulting countermeasure. Fourth. the Industry
Forum. provides advice to Institute management conceming the applicability and suitability of new
technologies for Earth benefit. Finally. at its semiannual meetings. the Institute Board of Directors
reviews the major fiscal and programmatic issues confronting the Institute and provides advice and
direction to senior management on necessary high-level actions. ©

In order to develop a fully independent assessment of NSBRI's programs and activities. NASA intends to
carry out a series of external reviews. While the Cooperative Agreement specifies that NASA would
conduct a major review at the end of the third year of each five-year term, it was a recommendation of the
Site Visit Report of the National Space Biomedical Research Institute in 2000 that there be separate
NASA reviews of the teams every three to five years. as well as the Institute-wide third year reviews.

Table 5 presents a projected review schedule for all of these various reviews. The entries in the table
show how many times per year. over the next five years, that the teams and the Institute as a whole will
be reviewed. Note that the NASA reviews include all teams over the first three years (2003 - 2005) and
reviews the Institute as a whole in 2006. No NASA reviews are conducted in 2007. but the cycle of
NASA reviews begin again in FY 2008. The culmination of these evaluations will identify strengths and

A complete listing of membership on these expert pancls is provided in the Appendix 4 of the accompanying Progress Report
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weaknesses in the program. This is important in linking performance and budget, and filling gaps in the
program with open solicitation of proposals in focused research areas, as appropriate.

Table 5. Review Schedule for Teams and for the Institute as a Whole

FY 2003 FY 2004 FY 2005 FY 2006 FY 2007

EAC BOD BSC NASA |EAC BOD BSC NASA |EAC BOD BSC NASA |EAC BOD BSC NASA [EAC BOD BSC NASA
BL 2 1 1 2 1 2 1 2 1 2 1
CVA 2 1 1 2 1 2 1 2 1 2 1
HPF 2 1 1 2 1 2 1 2 1 2 1
IH 2 1 2 1 1 2 1 2 1 2 1
MAA 2 1 2 1 1 2 1 2 1 2 1
NPF 2 1 2 1 2 1 1 2 1 2 1
NVA 2 1 2 1 1 2 1 2 1 2 1
NPFR 2 1 2 1 2 1 1 2 1 2 1
RE 2 1 1 2 1 2 1 2 1 2 1
SMS 2 1 2 1 2 1 1 2 1 2 1
TD 2 1 2 1 1 2 1 2 1 2 1
EO 2 1 2 1 2 1 1 2 1 2 1
NSBRI 2 2 2 2 2 2 2 2 1 2 2
Teams
BL - Bone Loss MAA - Muscle Alterations and Atrophy - RE - Radiation Effects
CVA - Cardiovascular Alterations NPF - Neurobehavioral and Psychosocial Factors SMS - Smart Medical Systems
HPF - Human Performance Factors NVA - Neurovestibular Adaptation TD - Technology Development
1IH - iImmunology, Infection and Hematology NPFR - Nutriton, Physical Fitness and Rehabilitation EO - Education and Outreach

NSBRI - Institute as a whole, including management

Review Panels
EAC - External Adwisory Council BOD - Board of Directors BSC - Board of Scientific Counselors
NASA - NASA External Reviews

3.2.7.2. Selection of Research Projects and Investigators

Institute research is recruited through the use of open solicitations to the entire biomedical community. In
general, if available funds permit, these solicitations would be issued annually by the Institute. either
alone or in partnership with NASA, and would be focused on the gaps and issues identified in the
evaluation process discussed above. Thus, the research solicitation would have the relative priorities of
the various Institute elements built into it. The review and selection criteria would be spelled out clearly
in the research announcement and diversity would be encouraged. This assures the potential involvement
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of any member of the scientific community in the Institute’s program and optimizes the NSBRI’s ability
to recruit outstanding biomedical researchers to lead and participate in the research program.’

Research proposals have been and would continue to be reviewed by independent peer panels of experts.
Those scoring within the competitive range are assessed by the appropriate Team Leader(s) for
programmatic relevance. Then, each Team Leader recommends selection options to NSBRI senior
management, who are responsible for selection.

The solicitation, review and selection process is fully coordinated with NASA to avoid inappropriate and
wasteful duplication of effort, and to assure programmatic alignment. If NASA and the NSBRI are
utilizing a single NASA Research Announcement (NRA) to recruit investigations for their programs, then
it is also important that all aspects of the joint solicitation process be coordinated to ensure uniformity,
fairness and program optimization for all parties, with the aim of supporting the most meritorious
proposals that meet both NASA’s and the NSBRI's requirements.

The NSBRI is aware that Team Leaders play a pivotal role in the success of the Institute. They are
required to be practicing scientists with funded Institute projects, as well as manage their teams. Their
expertise and “*hands-on™ approaches add value across projects and across teams. While the Team Leaders
are not responsible for the executive decisions regarding team composition. their vision and input can be
valuable in strategic directions that the teams take in carrying out their tasks. They must therefore be
protected from any real or apparent conflicts of interest. especially with respect to inputs that may
influence, either directly or indirectly, team selection by NSBRI senior management. The goal is to
maintain the highest level of fairness, integrity and credibility for all investigators, including the Team
Leaders, as well as for the Institute and for NASA.

These issues have been discussed among the NSBRI senior management, Team Leaders and EAC
members. The Institute plans to obtain recommendations on this matter, as well as the issue of Team
Leader selection (Section 3.2.7.3) from an outside committee of experts. This activity will be completed
in a timely manner. namely early in FY 2003. to enable thc Team Leaders and others to be aware of the
approach and criteria that will be used in future selections.

3.2.7.3. Team Leader Selection

As noted in the previous section, Team Leaders play an important role in the management of the
Institute’s research program. Up to now, Team Leaders have been identified by NSBRI senior
management based on recommendations from the Board of Directors. Most, but not all. of the current
Team Leaders are from consortium institutions.

3.2.8. Current Program Funding Levels and Prioritization

The original Institute research program consisted of three-year projects that began in October 1997 (FY
1998) and ended in September 2000. After much discussion between NASA and the NSBRI. it was

' NSBRI investigator accolades include the Nobel Prize in Physiology or Medicine. membership in the National Academics and
Chair of the NASA Biological and Physical Research Advisors Committee. The NSBRI Director and 5 of 11 (45%) of the
rescarch Team Leaders are M.D.-Ph.D. scholars. In total. there arc more than 260 investigators {with diverse expertise in
medicine. biology. chemistry. physics. engincering. space flight {¢.g.. former astronauts). ete.) from academia. government and
industry involved in 88 ground based research projects and 7 education and outreach projects. with funding at 75 insututions
across 21 states. More than 38% of the Pls are not from consortium member institutions and 33 are new investigators to NASA.
Five flight proposals have been received for definition and feasibility reviews.

18
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agreed that the program would be enlarged in October 2000 (FY 2001) and the NSBRI released two,
open, competitive research announcements. These announcements followed 12 intensive workshops
involving the external community. One announcement was (0 expand the original teams by (on average)
doubling the number of projects, and the other to add new teams to the Institute. Flight projects were
included in both solicitations. These actions followed augmentation Guidelines 1 (Original Team
Growth), 2 (New Team Formation), and 3 (Space Flight). The current research program involves eleven
teams, ranging in size from 3 to 12 projects, with an average of 8 projects/team. A breakdown of team
research support is shown in Figure 5.

Most of the current research projects were initiated during FY 2001 and will be completed during FY
2004. The annual budgetary requirement to support the 88 current ground-based projects is approximately
$25.6 M. However, the amount available during FY 2002 for project support was only $19.8 M, with an
additional $0.6 M of contingency funds having been set aside to support five candidate flight proposals
received in 2000 (they are presently undergoing final selection review).

Figure 5. Current Distribution of Team Funds for Ground Research (2002)
{Millions of Dollars)

OBone Loss

W CV Alterations

OHuman Perf Factors
OImm, Inf & Hem

W Muscle Alt & Atrophy

O Neurobehav, Psychosocial
B Neurovestibular Adaptation
ONut, Phys Fitness & Rehab
Wl Radiation Effects

B Smart Med Systems

O Tech Development

Total Funding = $19.8 M

3.2.9. Research Optimization

The Institute science management plan and countermeasure development strategy implement a “best
value™ program for a given set of resources. per Objective 7 (Research Optimization). The program is
focused by the CPR, by the Team Leaders. and by the annual NSBRI reviews. It involves high caliber
investigators from some of the best biomedical research institutions in the nation, including a significant
number of investigators from well-funded. productive laboratories. In addition. the NSBRI program is
built upon institutional infrastructure already developed within the biomedical research community.
allowing research to be carried out at a substantially reduced rate if that infrastructure had to be developed
again. This, coupled with the strong productivity of the investigators. argues strongly that the NSBRI's
research program is a “best-value™ program. thereby fulfilling this objective.
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3.3. GAPS AND MODIFICATIONS

This section discusses the level to which the current program strategy addresses the CAN Objectives and
augmentation guidelines, and presents the required modifications to the current program in order to
effectively address any gaps that exist.

3.3.1. Funding Gap to Support the Current Program

Since the remainder of this section addresses the ability of the current NSBRI countermeasure research
program to achieve the CAN Objectives, it is important to discuss the potential gap between the current
program and the minimal program that NASA has notified the Institute it might have in FY 2003. In
April 2002, NASA notified the NSBRI that:

The current anticipated funding profile for the Core budget for years 6-10 is as follows, but is
subject to change dependant on the outcome of the aforementioned discussions:

FY03 - $16.179M

FY04-FYO7 - $10M/year

The current program was selected in FY 2001 when the NASA budget profile for the Institute was
approximately $30 M/year and that is still the approximate cost of supporting the current program. In FY
2002, NASA reduced the Institute’s budget to $22.1 M. but the Institute had a one-time unexpended
balance of $3.7 M that it could use to reduce the problem to one that could be dealt with through a 25%
reduction in the research program. Although this had a significant impact on the Institute’s ongoing
operation, this level of one-time reduction could be absorbed through three-month no-cost extensions
applied to most projects, without descoping the current program.

However, if a reduction of the $30 M program to $16.2 M occurs in FY 2003, with no unexpended
balance carryover from previous years, then the current program could not survive. In fact, the current
strategy involving eleven research teams focusing on the CPR would no longer be viable, particularly if
the ultimate budget level for FY 2004 — 2007 is $10 M. This amount ($10 M/year) was the initial funding
level of the Institute. and it soon became very clear that this funding level was incompatible with the
scope of the Institute’s mission. That fact ultimately became the foundation for the NASA Bioastronautics
budget augmentation request to Congress for the NSBRI for FY 2001. a request that was granted then. but
is currently being re-evaluated.

The remainder of this section provides evidence that even the current program of approximately $30
M/year is inadequate to achieve the entire set of CAN Objectives. Thus, a $16 — 10 M/year Institute
program would have a significantly reduced scope from the current program and would be able to achieve
even fewer of the CAN Objectives.

3.3.2. Countermeasure/Risk Gaps .

The countermeasure development strategy discussed in Section 3.2.5. and illustrated in Figure 4. together
with the Institute science management plan, discussed in Section 3.2.7. have provided an effective
approach to recruiting the scientific community to work together to reduce the health risks associated with
space flight. The detailed team strategic plans in Volume IL. with their clear goals and defined schedules.
demonstrate the utility of this approach. and work towards achieving Objectives 2 (Countermeasure
Development) and 3 (Science Management Plan). However. the current program has two important
limitations: (1) not all risks are addressed and (2) most countermcasures will take about ten years to

develop at the current rate of funding.
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Table 6 summarizes the coverage of the risks in the CPR by the current NSBRI program. Note that the
current team research cover less than 80% (43/55) of risks in the CPR. Furthermore, not all 43 of these
risks have entire research projects aimed at developing countermeasures to mitigate their effects. The
coverage of critical questions is even less. Thus, there is not only room for program expansion in terms
of number of risks covered, but perhaps more importantly, in terms of resources used to expeditiously
develop countermeasures to mitigate risks with high likelihood, high consequences and low mitigation
status.

The second limitation of the current program is the long development time associated with the individual
countermeasures. This is due, to a significant extent, to limitations in funding that prohibit certain
activities to proceed in parallel. Increases in team funding that would permit progressive funding of
promising research paths and investigation of multiple critical questions at the same time by different
investigators working together. These enhancements should enable some research to move forward at a
faster pace, allowing more rapid convergence to operational countermeasures.

Table 6. Mapping Between NSBRI Research Teams and CPR Risks Addressed

NUMBER OF
RESEARCH TEAM UNIQUE RISKS CPR RISK NUMBERS
Bone Loss 4 9,10, 11,12
CV Alterations 5 13,14, 15,16, 17
Human Perf Factors 1 19
Imm, Inf & Hem 5 22. 23, 25,26. 27
Muscle Alt & Atrophy 5 28,29, 30. 31,32
Neurobehav, Psychosocial 3 18, 20, 21
Neurovestibular Adaptation 5 33. 34, 35, 36, 37
Nut, Phys Fitness & Rehab 3 7.54, 55
Radiation Effects 5 38, 39,40 41,42
Smart Med Systems 6 43 44 45 46.47,48
Tech Development N/A
1 49 (cross-nsk)
TOTAL 43

3.3.3. Team Member Selection

As pointed out in Sections 3.2.7.2 and 3.2.7.3, therc is a gap in the procedures for team selection that
expose the Team Leaders to a potential conflict of interest. Moreover. there is a need to make the Team
Leader selection process more transparent. Since the Team Leaders’ NSBRI grant support generally runs
out in September 2003, there is an opportunity to develop guidelines concerning their selection. An expert
outside committee will be convened to examine these issues and make recommendations to NSBRI senior
management.
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3.4. RESOURCE REQUIREMENTS
3.4.1. Baseline Research Program

The current NSBRI research program consists of 88 tasks grouped into 11 teams. The total annual
requested budgets for all of these activities amounts to $26.2 M. Thus, the average team consists of eight
tasks with a total budget of approximately $2.4 M. An average single project has a budget of
approximately $300 K. These averages will be used to estimate project costs in this plan.

A close examination of the tasks in the current research program reveals that it is possible to reduce
program costs by approximately $2.4 M to $23.8 M (about 9%) without impacting the current scope and
CPR risk coverage significantly. This, then, represents the true baseline, or critical mass, for the current
research program.

This is an appropriate minimal level of support for the current program for at least three reasons:

1. The level of support maintains a commitment by NASA and the NSBRI to a strong collaborative
partnership with the academic research community, giving confidence to those outstanding
scientists that have been recruited through an open. competitive solicitation to participate in a
new and unique research program designed to solve important space biomedical problems;

t2

The level of support represents the cost of a minimal team effort that addresses the most severe of
the space biomedical risks. Reducing this minimal program in any significant way would
concomitantly reduce the effectiveness of the Institute’s countermeasure strategy: and

3. The level of support represents the minimal funding required to fund the current team strategic
plans (Volume I1) that are designed to produce sound. fundamentally based countermeasures over
the next eight to ten vears. Significant reduction of support will interrupt the flow of planned
team activities and the schedules in major ways.

Thus. the baseline NSBRI research program will begin at $23.8 M for FY 2003. A small annual program
cost increase (2%) is included to account for the effects of inflation. The budget plan for the baseline
program is shown in Table 7.

3.4.2. Budget Augmentation

In Section 3.3.2, it was pointed out that the current countermeasure development program has two
important limitations. namely not addressing many significant risks in the CPR, and taking approximately
ten years to fully develop most countermeasures. A minimal approach to dealing with these limitations is
to gradually increase the number of projects supported. increase support for highly successful projects and
factor in increasing costs as countermeasures move through the phases of development.

The NSBRI has received 51 project proposals in response to the joint NASA/NSBRI Research
Announcement (NRA 01-OBPR-07) that was issued on October 31. 2001. These proposals have been peer
reviewed and 24 are in the competitive range for selection. A modest selection from this group would
involve six projects, and at an average budget of $300 K/year. This would lead to a budget of $1.8 M for
FY 2003. Once again. a small annual program cost increase Is included to account for the effects of
inflation.

After FY 2003. a flat growth rate of $2.5 M/year will lead to addition of approximately eight projects/year
to the Institute’s research portfolio. This is minimally sufficient to allow the program to increase scope or
depth by adding projects, or by “fast-tracking”™ high payoff projects (with appropriate merit review).
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Table 7. Countermeasure Research Program Budget Plan

(Millions of Dollars)

Strategic Plan

FY

2002

Baseline Program 198
Research Program Augmentation

TOTAL 19.8

FY
2003

23.8
1.8

25.6

FY
2004

243
43

28.6

FY
2005

248
6.9

31.7

FY
2006

253
9.4

34.7

FY
2007

258
12.0

37.8




National Space Biomedical Research Institute Strategic Plan

4. EDUCATION, TRAINING AND OUTREACH PROGRAM

4.1. PROGRAM GOALS AND OBJECTIVES

Many of the NASA-provided CAN objectives and augmentation guidelines apply to the Education.
Training and Outreach Program. They include:

Objective 4. Scientific Knowledge Dissemination
Objective 5. Science Community Access
Objective 8. Education and Public Outreach

Guideline 5.  Education and Public Outreach Expansion
Guideline 6. Training Program ‘

Associated with these objectives and guidelines are the following NSBRI secondary goals:

e To develop coordinated multi-institutional graduate and postgraduate training programs designed
to produce the next generation of space biomedical researchers; and

e To transfer the medical and biomedical findings of space research to the scientific community.
the home and the classroom. particularly by stimulating interest in the life sciences in students of
all ages.

4.2. CURRENT STRATEGIES

The Institute has created a strong basis for education, training and outreach during its first five years and
plans to build further on this foundation over the next five years. Scientists, professional educators, and
NSBRI management personnel work together to carry out these currentand ongoing activities.

4.2.1. Education and Public Outreach Team

The mission of this NSBRI team is to communicate the significance and excitement of space life sciences
to local. national and international audiences. while transferring and disseminating knowledge gained via
the biomedical advances achieved by the NSBRI Research Teams. This mission is being accomplished
through an integrated array of programs focusing on students and educators at the primary, secondary
and undergraduate levels, as well as the general public. In this regard, the Team works towards CAN
Objectives 4 (Scientific Knowledge Dissemination), 5 (Science Community Access) and 8 (Education
and Public Outreach).

The Team’s Strategic Plan is available, along with the Research Team Plans. in the Supporting
Documentation (Volume 11).* The team currently consists of seven projects that were selected following
external peer review. There are focused team objectives that address five major programmatic goals.
These goals were developed jointly by Team partners. in coordination with the NSBRI leadership. and are
to:
e Design and conduct a variety of teacher professional development programs to help teachers
understand space life sciences and change their practices and behaviors to improve the learning
experiences they provide students.

e Develop curricular materials that:

5 Recent accomplishments of the Team are also provided in the accompanying Progress Repont
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= span the educational continuum.

= are aligned with national science standards.

» provide accurate, balanced, effective and inquiry-based instruction.
= expand students’ understanding of on-going NSBRI research.

e Increase science literacy and public awareness of the real-life impacts of NSBRI research through
media, informal science activities, direct mailings and magazine stories.

¢ Promote educational access and career awareness in space life science fields among high school
and undergraduate students as well as high school teachers.

e Integrate NSBRI-focused teacher professional development, curricular materials, scientific
literacy initiatives, and educational and career access activities among all projects on the
Educational and Public Outreach Team, other NSBRI Teams and public venues.

The Education and Public Outreach Team is well aligned and engaged in activities with the Educational
Outreach Program of the Office of Biological and Physical Research. The Team’s activities and progress
are monitored within the NSBRI by the EAC, BOD and BSC according to the schedule laid out in Table
5. The same Table also provides the timetable for external review of the Team by NASA.

4.2.2. Professional Development and Training for Scientists and Engineers

Training of scientists and engineers beyond the undergraduate level is necessary to broaden and diversify
the future workforce in space biomedical research and operations. With its strong national academic base
of 75 funded institutions, and an outstanding governing consortium of academic institutions of higher
learning., the NSBRI possesses one of the strongest collective entities for focused biomedical training in
the country.

Currently, the NSBRI supports two programs in Professional Development and Training. Short Research
Internships have been. and will continue to be. offered at the NSBRI. NASA field centers and Industry
Forum member laboratories to train advanced undergraduates. graduate students and medical students in
the specific techniques of space biomedicine. This program has been in existence since the beginning of
the Institute.

This Visiting Scientist Program actively recruits visiting senior scientists to spend up to one year at any
of the Institute campuses, at JSC, or at an Industry Forum member facility and participate in ongoing
research activities. Access to all laboratories in the Institute is open to these scholars to encourage
interactions between Institute investigators, JSC scientists, and scientists outside of the Institute. A special
part of this program focuses on providing opportunities for JSC scientists to spend sabbaticals at the
Institute and other laboratories and for Institute scientists to spend sabbaticals at JSC and elsewhere. The
Intergovernmental Personnel Agreement program provides a well-established mechanism for such
exchanges and will continue to be used as appropriate.

4.2.3. Scientific Community OQutreach

The Visiting Scientist Program is one way to reach out to professionals involved or interested in space
biomedical research. Other strategies include hosting major symposiums, didactic continuing education
courses and space-related sessions at general scientific meetings. such as meetings of the American
Association for the Advancement of Science. FASEB. the Society for Neuroscience and the American
Medical Association. These outreach sessions. begun in 1998, address Objectives 4 (Scientific

[}
(]
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Knowledge Dissemination), 5 (Science Community Access) and 8 (Education and Public Outreach),
and seek to involve a mixture of scientists and astronauts in describing the biomedical problems of space
flight in a way that the state of the field can be understood by the community at large.

4.2.4. Community Education and Public Outreach

Through public information, the Institute will continue to promote scientific literacy and share with a new
audience an appreciation for the opportunities that space life sciences research presents. The NSBRI will
continue to develop a multimedia approach to reaching out to diverse populations of the general public
with information related to the mission and activities of the Institute (Objective 8).

This is being accomplished by continuing its use of a NSBRI Headquarters -based public relations plan to
facilitate the dissemination of the biomedical advances made by’

e Institute researchers

e Continued development of the award-winning NSBRI World Wide Web site

e A national outreach program with PBS television

e Magazine stories that disseminate space biomedical knowledge

e Hands-on museum exhibits

e The preparation of exhibits for scientific and industrial events

e Brochures for public distribution

e Continued development of personal contacts with space and science reporters.

4.3. GAPS AND MODIFICATIONS
4.3.1. Funding Gap for Education and Public Qutreach Team

The downturn in the NSBRI budget affected all the teams. including the Education and Public QOutreach
Team (Section 3.3.1). The Team’s reduced budget of 25% had significant impact on its ability to carry out
its mission. Many teachers who had planned on participating in the program were unable to do so because
of the budget reduction.

4.3.2. New Program Opportunities

There is an opportunity to introduce high impact programs for Professional Development and Training for
Scientists and Engineers and expand current strategies listed in Section 4.2.2. These programs would not
only foster the Institute in meeting Objectives 4 (Scientific Knowledge Dissemination), 5 (Science
Community Access) and 8 (Education and Public Outreach), but would provide strengthened ties to the
Countermeasure Research Program. with its Objectives 1 to 7. The added support of Professional
Development and Training for Scientists and Engineers would therefore cut across all the objectives of
the Institute (Section 2.4) and is viewed as a critical Institute endeavor. Moreover, the expansion in this
area is consistent with overall NASA strategy, wherein the Administrator has made education a priority.
The NSBRI is strategically well positioned in this arca. based on the fact that the Institute is comprised of
an academic consortium. with leading teachers and professors engaged in a variety of scholarly pursuits
with diverse students at all levels.

“ Details are provided in the accompanying Progress Report,
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New NSBRI programs under development include the following:

e Summer Graduate Training Program - Starting in 2003, the NSBRI plans an 8-10 week
intensive program in Space Biomedicine at JSC and nearby research laboratories. Designed to
accommodate 15 to 20 graduate students, the program will include morning lectures and afternoon
laboratories, and will be taught by members of the different NSBRI research teams and JSC
personnel, including astronauts.

e Postdoctoral Fellowship Program - Beginning in 2003, the Institute plans a competitive
postdoctoral program providing two years of support for 10 to 15 new fellows each year. Prospects
must propose new and independent research ideas and protocols in space biomedical research.
Fellows must be associated with a well-established and funded laboratory group carrying out
research that is appropriate to the NSBRI’s mission. A panel of leading. non-NSBRI scientists in
space biomedicine will select fellows on the merit of their applicant proposals.

¢ Graduate Student Fellowship Program — In 2004, the Institute plans to create a nationaly
competitive program similar to the postdoctoral program above. In this case, however, students
must work with NSBRI-funded investigators on some facet of their ongoing research. Selection will
be based on merit and the likelthood of success in a graduate program.

¢ Space Biomedical Curriculum — The Institute plans to expand its efforts in the development of
graduate courses in space biomedicine. These courses will involve a “knowledge station™ that
allows learners to interact with curricular materials via state-of-the-art information technology and a
physical platform designed to facilitate human interaction and learning.

4.4. RESOURCE REQUIREMENTS

As in the determination of resource requirements in Section 3.4, any requirements are based on
assumptions and ultimately driven by NASA.

4.4.1. Baseline Education, Training and OQutreach Program

The current NSBRI Education. Training and Qutreach Program consists of the seven peer-reviewed tasks
making up the Education and Outreach Team. a small public relations office at NSBRI Headquarters. a
small program of summer research internships, and a Visiting Scientist Program at Johnson Space Center.
The total annual budget for the team tasks is $1.8 M, with an average single project budget of about $260
K/year. The total cost of the public relations office is approximately $200 K/year. The summer internship
program costs about $30 K/year for 10 students. while NASA funds the Visiting Scientist Program
separately.

Although the focus of the Education and Outreach Team ts teacher training and curriculum development
for elementary and high school, prpjects also include college undergraduate and graduate course
development and community outreach. The Headquarters public relations office is extremely important
to the NSBRI. enabling important direct communication links to various normal and scientific news
organizations. The summer internship program is a low cost. high return program that the Institute has
maintained since its first year of existence.

All of these tasks and activities are vital to the NSBRI, to NASA. and to the Nation. Any reduction in
funding to this important program would have unfortunate negative consequences. Therefore, the baseline
program will maintain the current program’s full funding level. A small annual budgetary increase (2%)
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is included to account for the effects of inflation. The budget plan for the baseline program is shown in
Table 8.

4.4.2. Budget Augmentation

Section 4.3 identifies a number of new NSBRI activities, but not all of them require additional funds
beyond the baseline program. The Institute strategy in this area is to: enhance the current Team program
slowly, at the rate of two projects/year, beginning in FY 2004. at an annual cost of $250 K/project:
develop a new Institute two-year postdoctoral fellowship program beginning in FY 2003; develop a new
Institute three-year graduate student program beginning in FY 2004; and develop a new summer graduate
training program beginning in FY 2003.

The two-year postdoctoral fellowship program will select 15 students/year beginning in FY 2003,
Estimated costs for this program are $700 K for FY 2003 and $1.4 M thereafter. The three-year graduate
student program will select 20 students/year beginning in FY 2004. Estimated costs for this program are
$650 K for FY 2004, $1.3 M for FY 2005, and $2.0 thereafter. We expect both of these programs will be
larger than this because of support from industrial partners. Both of these programs will be managed for
the Institute by Morehouse School of Medicine. The summer graduate training program, beginning in FY
2003, will last eight weeks and competitively select 20 already enrolled graduate students/summer.
Estimated costs for this program are modest. amounting to approximately $100 K/year.

Table 8. Education, Training and Outreach Program Budget Plan

(Millions of Dollars)

FY FY FY FY FY FY

2002 2003 2004 2005 2006 2007

Baseline Program 1.5 20 21 21 22 22
Education Team Augmentation 0.5 1.0 1.5 20
Postdoctoral Fellows Augmentation 0.7 14 14 14 1.4
Graduate Fellows Augmentation 0.7 13 2.0 20
Summer Training Augmentation 0.1 0.1 0.1 0.1 0.1
TOTAL 1.5 28 4.8 59 7.2 7.7
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5. COOPERATIVE RESEARCH AND DEVELOPMENT PROGRAM

5.1. GOALS AND OBJECTIVES

The goal of the Cooperative Research and Development Program is to create mechanisms for integrating
knowledge and technologies, addressing operational requirements early in research development and
translating discoveries for possible commercialization. To achieve this goal. the following CAN
objectives and augmentation guidelines are relevant:

Objective 1. Knowledge Integration and Risk Evaluation
Objective 2. Countermeasure Development

Objective 3. Science Management Plan

Objective 4. Scientific Knowledge Dissemination
Objective 5. Science Community Access

Objective 6. Industry Partnerships

Objective 7. Research Optimization

Guideline 3.  Space Flight
Guideline 6.  Training Program
Guideline 7. Data Consolidation
Guideline 8.  Consortium Growth

Unlike the Countermeasure Research Program and the Education. Training and Outreach Program, the
Cooperative Research and Development Program is not a core program. Its function is to facilitate the
activities of the other two (core) programs in ways that enhance the overall effectiveness of the Institute
in achieving its mission.

5.2. CURRENT STRATEGIES
5.2.1. Data Integration and Archiving

In addition to generating countermeasures that focus on certain biomedical risks. the NSBRI's research
program as a whole. in conjunction with NASA’'s own ground-based and space-flight research activities.
generates valuable data sets. These data are used to develop a sufficient understanding of human function
to enable a reliable evaluation of an astronaut’s current health and a prediction of the effect(s) of
individualized countermeasures or medical treatments on future health. This requires the development of
quantitative and sophisticated models and techniques. leading to structured planning for adequate and
timely responses to medical and psychological challenges in space.

The NSBRI has initiated a strategic effort based at its Headquarters and at JSC to coordinate and fully
develop a central Institute/NASA modeling and data system. in accordance with Objectives 1 (Knowledge
Integration and Risk Evaluation) and 2 (Countermeasure Development) and Guideline 7 (Data
Consolidation). This activity cuts across the Institute’s research teams (see Volume [l) and aims at
producing an integrated repository of medical and research data for the scientific community. including
appropriate access to NASA's flight data archive. This initiative advances progress to meet Objectives 4
(Scientific Knowledge Dissemination) and § (Science Community Access).
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5.2.2 Translational Research for Space Medicine

The NSBRI’s Countermeasure Research Program is a results oriented, cooperative venture with NASA,
that has a developmental pipeline summarized by the CDPs of Figure 3. To foster success through
countermeasure development phases (Objective 2 - Countermeasure Development)). it is important to
engage the consumers of such NSBRI deliverables as knowledge, interventions and new technologies,
early in the developmental process. Moreover, it is mutually and strategically advantageous to have
interactive clinical involvement between the NSBRI and the Space Medicine and Health Care Systems
Office at JSC. This activity provides NSBRI participants with exposure to the space medicine operations
environment, where the countermeasures ultimately have to work (Guideline 3 - Space Flight). At the
same time, the interactions provide the flight surgeon and astronaut communities with exposure to
NSBRI-provided NASA extramural expertise, in line with Objectives I (Knowledge Integration and Risk
Evaluation), 2 (Countermeasure Development), 4 (Scientific Knowledge Dissemination) and 7
(Research Optimization) and Guidelines 3 (Space Flight) and 7 (Data Consolidation).

In addition to linking NSBRI research and development to the Space Medicine community for clinical
reasons, it is also important to establish links to ensure that technological advances are able to interface
with engineering and human factors constraints and platforms. Operational considerations built in early in
the CDP evolution with ensure more favorable outcomes and increase the probability of NSBRI
countermeasure developments actually being used to mitigate health risks in space (Objective 2 -
Countermeasure Development and Guideline 3 - Space Flight).

While the NSBRI Countermeasure Research Program (Section 3) is a peer-reviewed program supported
by NASA, the joint NASA — NSBRI initiative in space medicine just described is operationally driven.
with the goal of advancing the field of space medicine. To this end. the emphasis is on direct clinical
applications of countermeasures to space medicine and the translational requirements. results and
resources needed to prepare investigations for clinical readiness in a flight environment.

5.2.3. Partnerships

This supporting activity recognizes that the NSBRI shares many of its goals and objectives with
established elements of the world’s scientific and technological establishment and that the limited
resources of the NSBRI can be increased through effective partnerships. Clearly NASA has and continues
to be a strong Institute partner. The NSBRI also has and continues to develop and maintain partnerships
with other federal agencies, including the institutes of the NIH (e.g.. National Institute on Deafness and
Other Communication Disorders) and elements of the DoD. The strategy is to enable appropriate
discussions and collaborations directed at facilitating rapid transfer of research findings on analogous
medical problems, achieving aspects of Objectives 4 (Scientific Knowledge Dissemination), 5 (Science
Community Access) and 7 (Research Optimization).

In addition to strategic relationships with federal partners. the NSBRI has productive and appropriate
partnerships with scientific and academic institutions and organizations. industry and international
organizations. Developing and nurturing such partnerships are the responsibilities of every part of
NSBRI. There is no one group designated to carry out this activity. It is singled out here to emphasize the
central role that such activities should play in the futurc. The partnerships span all three Strategic
Programs of the Institute and help in building community cceptance for space research and space
medicine as emerging disciplines. In some instances. these have led to expansion of the Institute’s
consortium. through open competition (Guideline 8 - Consortium Growth).
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5.2.4. Industry Forum

The members of the NSBRI Industry Forum are representatives of space and biomedically-related
industries who keep the Institute in touch with the industrial community and aid in technology transfer.'®
The Forum serves as a mechanism for achieving Objective 6 (Industry Partnerships), largely through an
advisory role rather than providing active participation in technology transfer of NSBRI research for
earth-based spin off advances. Recently, the Industry Forum members have expressed an interest in a
more active role in technology transfer and in supporting graduate and post-doctoral fellowship training
(Section 4.3.2).

5.3. GAPS AND MODIFICATIONS
5.3.1. Risk Evaluation

In addition to knowledge and data integration activities described in Section 5.2.1, the Institute plans to
address the risk evaluation component of Objective 1 (Knowledge Integration and Risk Evaluation) by
expanding its efforts with NASA in several areas. One area concerns coordinated efforts among JSC, the
NSBRI, NASA’s Office of Space Flight and Office of Biological and Physical Research. and the Chief
Health and Medical Officer, to work on the:

e Top-level mission requirements for Crew Health and Safety from the Office of Space Flight:

e Status of research deliverables from the Office of Biological and Physical Research. including the
NSBRI; and

e Risk mitigation stoplight charts for preparedness.

These efforts address Objective 7 (Research Optimization) and Guideline 3 (Space Flight). They are
important because they allow the NSBRI to contribute to a NASA-wide initiative to have one overarching
risk mitigation program. Moreover. the Institute is best prepared to have impact in meeting Objectives 1
(Knowledge Integration and Risk Evaluation) and 2 (Countermeasure Developmeny) if the high
likelihood. high consequence risk with low risk mitigation status health concemns are adequately
supported in prioritizing rescarch efforts.

Part of the challenge in adequately assessing risk is to continue. and to enhance. the intcgration of data
and to adjust the CPR accordingly. This activity builds on Section 5.2.1. The NSBRI's activities in this
area occur through coordinated initiatives between NSBR! Headquarters and JSC (Section 5.2.1) and with
the NSBRI research teams (Strategic Plan Volume I1). However, there are two gaps.

First, it is important to develop. in partnership with NASA. a comprehensive. integrated and systematic
risk management approach applicable to space flight crews. In part. this means developing a quantitative
risk assessment and management model similar to that used to estimate risk level in various Earth
populations engaged in endeavors with risk. The Institute has begun to explore this approach with the
Baylor College of Medicine Risk Management Department and consultants from industry (Objectives 1
(Knowledge Integration and Risk Evaluation) and 6 (Industry Partnerships). and Guidelines 3 (Space
Flight) and 7 (Data Consolidation).

Second. it is important to form advanced data systems for archiving space life sciences information from
human missions dating back to Skylab and to make the information available to the scientific community.
in accord with Objectives 4 (Scientific Knowledge Dissemination) and 5 (Science Community Access),
and Guideline 7 (Data Consolidation).

" A list of NSBRI Industry Forum members is provided in Appendix 4.1 of the accompanying Progress Report.
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5.3.2. Capitalizing on Industry Partnerships

To formalize the process of transferring technology, developed in whole or part with NASA/NSBRI
support, the Institute plans to work with the Industry Forum to establish an intermediary entity to foster
further development, application and potential commercialization of promising research deliverables
(Objective 6 - Industry Partnerships). There are a number of venture models in current practice that
successfully bridge the gap between academic discovery, with protection of intellectual property, and the
process of due diligence, licensing and concept/seed support to establish feasibility and potential
commercialization of a product driven by technological innovation and market forces.

Some of the services required of an intermediary commercial entity are:

e Creation of a formal process to perform early due diligence on NSBRI discoveries prior to or
following protection of intellectual property through investigators” institutions;

e Establishment of a pipeline to bring potential new discoveries into the evaluation process;

e Development of an expert panel of advisors, who work as part of or with the Industry Forum. to
assess commercialization potential of innovations:

e Possible seed or matching support to augment government investment in NASA/NSBRI research
and technology (countermeasure) development:

e Licensing of promising discoveries. either individually or in partnership with others. to move
innovation(s) out of the academic, and into the industrial, area; and

e Sharing of entity support, risk and gain by members of the Industry forum and others who invest
in the effort.

5.4. RESOURCE REQUIREMENTS
5.4.1. Program Resources

Data integration and archiving activities described in 5.3.1. are anticipated to increase over time at a rate
of approximately $200 K per annum. as countermeasure research generates more data and there is further
bilateral sharing of information, including astronaut health data. between the NSBRI and JSC. In response
to the risk management gap, it is proposed to initiate a small. focused rish modeling effort in FY 2004.
This effort, budgeted at $500 K for the first two vears and $600 K for the next two years. would explore
the feasibility of using Earth-based risk models to estimate space-based risks.

To allow for “fast track”™ develop and the ability to expeditiously refocus or initiate research on high
priority risk evaluation and mitigation efforts, discretionary funds can allow the Institute to perform a
variety of tasks to enhance deliverables to NASA. These funds scale modestly over five years but enable
research funds to be available for high priority projects that must be acted upon quickly (i.e., before the
next round of solicitations that also serve to prioritize research efforts).

5.4.2. Operational Resources

The successful NSBRI/JSC initiative in space medicine is proposed to increase to address operation needs
as set forth by NASA. A proposed budget is shown in Table 9.
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Table 9. Cooperative Research and Development Program Budget Plan

{Millions of Dollars)

Data Integration and Archiving
Discretionary *

Risk Modeling Augmentation
PROGRAM TOTAL

JSC / NSBRI Space Medicine

TOTAL

FY FY FY FY FY FY
2002 2003 2004 2005 2006 2007
1.4 1.4 1.6 1.8 2.0 26
1.0 1.0 1.5 1.5 2.0 20
0.5 0.5 06 0.6

24 24 3.6 3.8 4.6 5.2
0.5 1.0 1.0 1.5 1.5 2.0
2.9 3.4 4.6 53 6.1 7.2

* Discretionary funds used to support flight proposals in 2002.
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6. BUDGET AND RESULTS

6.1. ADMINISTRATIVE INFRASTRUCTURE

As outlined in Section 2.8, the NSBRI is an exemplary, performance driven partnership with NASA that
embodies the President’s Management Agenda. In working towards its goals and objectives, the
approaches taken by the Institute in each of its Programs are focused and of high value, both scientifically
and fiscally. The NSBRI can be tasked by NASA to increase its Countermeasure Research Program and
the Institute is readily scalable. The administrative costs are kept in check by outsourcing and utilizing the
infrastructure that is already in place at the academic institutions. Moreover, the extensive use of e-
business requires only a modest increase in NSBRI Headquarters personnel if the Institute were to
expand. At present, the Institute’s administrative infrastructure costs $2.2 M/year. A modest inflation is
factored into this number in future years.

6.2. BUDGET PLANS

Table 10 summarizes the baseline program, where the first three rows are obtained from the Program
budgets in Tables 7 to 9. The critical mass of the Institute is the Program Total for FY 2003, which is
$30.4 M. This figure is made up. in part, of the critical mass figure of $23.8 M for the Countermeasure
Research Program (Section 3.4.1). Table 11 gives the Institute augmentation budget and Table 12
provides the full program budget plan.

Table 10. Institute Baseline Program Budget Plan

(Millions of Dollars)

FY FY FY FY FY FY

2002 2003 2004 2005 2006 2007

Countermeasure Research 19.8 238 243 248 253 25.8
Education, Training & Outreach 1.5 20 21 21 22 22
Coop Research & Development 24 2.4 31 33 4.0 46
Administration 22 2.2 2.3 24 2.5 26
PROGRAM TOTAL 25.9 30.4 31.8 326 34.0 35.2
JSC / NSBRI Space Medicine' 05 1.0 1.0 15 1.5 2.0
GRAND TOTAL 26.4 314 328 34.1 35.5 37.2
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Table 11. Institute Augmentation Program Budget Plan
(Millions of Dollars)

Strategic Plan

FY FY FY FY FY FY

2002 2003 2004 2005 2006 2007

Countermeasure Research 1.8 4.3 6.9 9.4 12.0
Education, Training & Outreach 0.8 27 3.8 5.0 55
Coop Research & Development 05 05 06 0.6
PROGRAM TOTAL 26 7.5 11.2 15.0 18.1

Table 12. Institute Full Program Budget Plan
(Millions of Dollars)

FY FY FY FY FY FY

2002 2003 - 2004 2005 2006 2007

Countermeasure Research 19.8 256 28.6 31.7 347 37.8
Education, Training & Outreach 1.5 28 4.8 59 7.2 7.7
Coop Research & Development 2.4 24 36 3.8 46 52
Administration 22 22 23 2.4 25 26
PROGRAM TOTAL 25.9 33.0 39.3 43.8 49.0 53.3
JSC / NSBRI Space Medicine 05 1.0 1.0 1.5 1.5 2.0
GRAND TOTAL 26.4 34.0 40.3 453 50.5 55.3
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6.3. EXPECTED RESULTS

The following outcomes are expected from the implementation of this Strategic Plan:

Clear identification and assessment of the biomedical risks of space travel;

Comprehensive understanding of the molecular, cellular and organ-level responses of humans to
weightlessness:

Development of high-quality integrated research program focused on targeted risks and
countermeasure development;

Involvement of the biomedical research community in the Institute’s program through open
solicitations and independent merit review, promoting the highest quality space biomedical
research;

Development of innovative methods and advanced systems and technology for the provision of
inflight astronaut medical care:

Development of direct links between the biomedical research community and NASA's
operational medical and biomedical communities that assures effective communication and
development of a more complete understanding of the space-flight operational experience:

Muitidisciplinary coordination and integration of various research activities to promote the rapid,
efficient, multi-directional exchange of ideas. minimize duplication of effort and develop an
integrated understanding of the human physiological response to space flight:

Integrated assessment of the effects of countermeasure candidates on human physiology using
modeling, simulation and multidisciplinary experimentation:

Development of mechanisms for appropriate access to past and future astronaut data by the active
biomedical research community;

Improved research community understanding of and access 1o special NASA facilities:
Strong scientific and technical partnership with industry in space biomedical research:

Development of international community participation in cooperative biomedical research related
to countermeasure development:

Rapid transfer of the scientific. technical and medical knowledge gained from space rescarch to
corresponding Earth-related problems:

Ensured development of future space biomedical scientists and engineers with training beyond
the undergraduate level; '

Informed scientific community concerning space biomedical issues:

Increased scientific literacy of teachers. students and the general public because of the excitement
of space life sciences:

Establishment of internet-based distance education for yvounger and older students of the space
life sciences:

Larger numbers of students attracted to science careers in life sciences. engineering and
technology-based fields;

Enhanced scientific skill and technological readiness of educators:

Development of healthy behaviors and attitudes among students and families and increased
family involvement in a child’s learning: and

Increased public awareness and support for space life science research.
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1.0 RECAPITULATION: MISSION AND STRATEGIC PROGRAMS

As discussed in Section 2 of the Strategic Plan:

The Mission of the NSBRI will be to lead a National effort for accomplishing the
integrated, critical path, biomedical research necessary to support the long term
human presence, development, and exploration of space and to enhance life on
Earth by applying the resultant advances in human knowledge and technology
acquired through living and working in space.

To carry out this mission, the NSBRI focuses its activities on three Strategic Programs:
Strategic Program 1: Countermeasure Research

Strategic Program 2: Education, Training and Outreach

Strategic Program 3: Cooperative Research and Development

This document contains the detailed Team Strategic Plans for the 11 research teams focused on
Strategic Program 1. and the Education and Outreach Team focused on Strategic Program 2.
There is overlap and integration among the Programs and Team Strategic Plans, as described in
each of the Plans.



2.0 GENERAL INFORMATION

Critical Path Roadmap

In order to identify and make publicly known the biomedical risks of space flight and the
research questions that must be answered to reduce those risks, NASA and the NSBRI have
developed the Critical Path Roadmap (CPR). The CPR is an interdisciplinary tool to assess,
understand, mitigate and manage the risks associated with long-term exposure to the space
environment. It assumes an overarching strategy that integrates requirements, risks, risk factors,
critical questions, tasks, deliverables and risk mitigation with the intent of directing biomedical
research in support of human space flight, especially human missions of exploration. The CPR is
based in part on recommendations from internal NASA experts, NSBRI scientists, advisory
committees, task forces and published reports, such as the National Research Council Space
Studies Board’s “A Strategy for Research in Space Biology and Medicine in the New Century.”
as well as numerous other reports.

The current CPR is a product that has identified 55 risks and 250 unique critical questions. A
more extensive overview as well as a list of all the risks and critical questions are available on
the Web site http://criticalpath.jsc.nasa.gov/. Each of the 11 research team strategies addresses
specific risks in the CPR in developing countermeasures to reduce the risk of space flight and
satisfy NSBRI's primary goal. Figure 2.1 shows the general types of countermeasures that are
available for use.

Countermeasure Readiness Levels

NASA has developed a scale to define. assess and quantify the level of “countermeasure
readiness.” The use of this scale allows NASA to determine how each funded research project
fits into the countermeasure development “flow™ and to monitor progress in countermeasure
development. Figure 2.2 illustrates the Countermeasure Readiness Levels (CRL) scale. which
describes the level of scientific maturity of countermeasurc research, starting from the
fundamental studies that suggest potential countermeasures to studies that allow the systematic
evaluation and validation of countermeasures ready for operational implementation.

Countermeasure Development Phases

Although the CRL scale represents a useful management tool for the general NASA biomedical
research program, the NSBRI finds that a different scale is more useful in managing its program
of countermeasure development. That scale, termed countermeasure development phases. has
only six levels and is defined in Figure 2.3. Most NSBRI research activity takes place in phases
one to three. Each research team will use this scale to show their schedule of progression to final
operational countermeasures.
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3.0 BONE LOSS

Team Leader: Jay R. Shapiro, M.D.
Professor, Department of Medicine
Uniformed Services University of the Health Sciences
4301 Jones Bridge Road, Rm. A3068
Bethesda, MD 20814-4799
301-295-3600
301-295-3557 FAX
ishapiro{@usuhs.mil

3.1 INTRODUCTION

The musculoskeletal system is uniquely dependent on Earth’s gravity. Although human
adaptation to the microgravity environment has allowed astronauts to maintain overall function,
the musculoskeletal system rapidly degrades once the force of gravity is removed. Muscle
atrophy has been documented by biopsy after 11 days in flight. The loss of cortical and
trabecular bone follows the loss of mechanical strain normally transmitted from muscle. Several
studies, American and Russian, have demonstrated that bone loss during flights lasting 4 to 6
months approximates 1-2% per month. However. some researchers have reported the range of
bone loss in Mir cosmonauts varies from 0% to 24% per month when measured in cancellous and
cortical bone in the tibia. Bone loss of this magnitude has been observed in human bed rest
studies and in individuals following spinal cord injury. The loss of bone mass compromises bone
strength, and diminished bone strength increases the risk of fracture. presenting a hazard to
astronaut health and function and a threat to mission success.

The NSBRI Bone Loss Team aims to develop an effective countermeasure to bone loss.
Countermeasures applied to date, including current in flight exercise regimens. dietary and
vitamin supplements. and pre-flight conditioning. have not prevented bone loss during long
duration flights such as those on Mir. Exercise regimens arc currently being re-evaluated.
Pharmacological interventions are also under investigation. However. as discussed below,
progress in these areas will require a better understanding of the basic mechanisms that alter bone
cell function in a microgravity environment. The current Bone Team research program includes
basic and applied research targeted at countermeasure development and testing; each project
focuses on issues relevant to mechanisms of bone loss. as well as. means that may be employed
in the near future to mitigate the negative effects of microgravity on bone cells.

3.2 RISKS

The following risks in the Bone Loss Discipline Area have been identified in the Critical Path
Roadmap (CPR) (risk number in parentheses):
e Development of Osteoporosis (9)
e Fracture and Impaired Fracture Healing (10)
e Injury to Soft Connective Tissue. Joint Cartilage. and Intervertebral Disc Rupture w/
or w/o Neurological Complications (11)
e Renal Stone Formation (12)

The majority of astronauts/cosmonauts have delayed return of bone density to normal following
prolonged space fight causing two postflight health hazards: 1) prolonged fracture risk during



active post-flight re-conditioning and 2) a life long increase in fracture risk and the risk of related
soft tissue injury if bone density fails to attain pre-flight levels. Asa result, the Bone Team has
added an additional risk to the list currently found in the CPR:
e Delayed Return of Bone Mass to Normal Mass and Strength Following Extended
Exposure to Weightlessness.

3.3 GOALS
The Bone Loss Team has the following goals for its program:

Risk-Based Goals

Goal 1: Reduce the risk of accelerated bone loss leading (o 0steoporosis.
Goal 2: Reduce the risk of fracture and evaluate the potential for impaired fracture healing

Goal 3: Reduce the risk of injury to soft connective tissue, joint cartilage, and intervertebral
disc rupture

Goal 4: Reduce the risk of renal stone formation

Goal 5: Promote the return of bone mass and strength to normal following an extended
exposure to weightlessness

Non Risk-Based Goals

Goal 6: Collaborate with the NSBRI Muscle. Radiation and Technology Development Teams on
the development of methods for inflight assessment of bone health and the appropriate
monitoring. diagnosis and treatment for bone loss. fractures and sofl tissue injury.
Develop methods for the inflight assessment of renal stone risk and the prevention and
treatment of renal calculi developed during flight.

Goal 7: Develop Earth-based applications of countermeasures 1o reduce increased bone loss
and fracture risk found in health hazards. such as in children.with non-weight bearing
disorders and in adults following CNS and spinal cord trauma

Goal 8: Develop Earth-based applications of low weight. sensitive hone density machine

Goal 9: Integrate research and analysis
34 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

Current Research Projects

The current NSBRI program in bone includes both basic research and clinical research aimed at
the development of countermeasures that may be tested during flight of animals or crew within
the next 3-5 years. Project Countermeasure Readiness Levels (CRL) range from Level 2 for a
basic research investigation of leptin and GIP function as potential hormonal targets for




countermeasure development to Level 6 for testing of new intravenous bisphosphonates in spinal
cord injury patients as a model of microgravity in parallel to testing of use of intravenous
bisphosphonate prior to spaceflight and testing of KMgCit for renal calculus prevention. Current
and anticipated future countermeasures include exercise, pharmaceuticals, mechanical methods,
and nutritional methods. Figure 3.1 summarizes the different approaches taken by the projects in
the Bone Loss Program.

Figure 3.1.
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Operational Bone Team Activities

Members of the Bone Team are active participants in operational programs and planning at JSC.
For instance, Dr. Shapiro serves on the Integrated Products Team for Bone. Muscle and Exercise.
Recently. he has advised JSC flight surgeons on the evaluation and potential treatment of
astronauts whose bone mass may have been negatively impacted by multiple flight exposures.
This effort is joined with physicians at the MD Anderson Hospital in Houston. Additional efforts
in this area have involved participation in a NASA/NSBRI committee planning the evaluation of
clinical biochemical testing in astronaut crew before. during and after flight. As another example.
Dr. Sue Bloomfield. Texas A & M University. is an active member of the Critical Path Roadmap
development team which has revised and expanded issues of relevance to the Critical Path
Roadmap program.



Each project is briefly summarized here and Table 3.1, presenting the basic research focus and
experimental design, countermeasure focus. and contribution to achievement of team goals:

Basic Research Projects (Countermeasure Readiness Levels 2-4)

1. Leptin as a Regulator of Bone Formation in Microgravity Bone Loss: Karsenty
Elefteriou, Dacquin, (Baylor): Leptin is a recently defined polypeptide hormone
produced by adipocytes which binds to hypothalamic receptors and which decreases
bone formation rate. Increased bone mass in obesity, a condition in which leptin
levels are diminished. has led to studies showing that the absence of leptin can lead
to high bone mass even in hypogonadal and hypercortisolemic states. In addition, it
appears that leptin must bind to ahypothalamic receptor to control bone formation.
Leptin indirectly appears to control bone formation by acting on the osteoblast via an
yet undefined factor(s). The study seeks to :1) determine whether leptin controls bone
mass by releasing a humoral substance following its binding to hypothalamic
receptors, 2) to determine if the sympathetic nervous system is involved in mediating
leptin control of bone formation, and 3) to determine whether a naturally occurring
soluble form of the leptin receptor can prevent leptin inhibitory action on bone.

Significance:  This research is focused on the relationship of the CNS to peripheral
multifunctional hormones, which are now recognized to modulate osteoblast function and thus to
influence bone mass. It addresses Goal 1, Reduce risk of accelerated bone loss leading to
osteoporosis. Understanding the mechanism of leptin action promises to open a new route for
the therapeutic control of bone mass, suggesting potential new countermeasures. Furthermore.
the role of the CNS in the regulation of bone mass may have important implications for the
problem of bone loss during spaceflight. The countermeasure development focus of this project.
therefore. addresses central regulation of hormonal modulation of bone remodeling.

2. Therapeutic Modulation of Systemic Glucose-Dependent  Insulinotropic Peptide
Levels to Counteract Microgravinv-Induced Bone Loss: lsales.  Bollag. Mulloy
(Medical College of Georgia): mRNA for the GIP receptor (GIPR) has been found in
osteoblast cell lines and in isolated rat osteoclasts. Also. GIP appears to promote
osteoblast differentiation and maturation. to stimulate type 1 collagen mRNA
expression and to increase alkaline phosphatase activity in SaOS2 cells. GIP inhibits
PTH-induced bone resorption. Transgenic mice over expressing GIP show increased
bone mass. Intermittent GIP injection prevents bone loss in ovarectomized mice.
The study will determine: 1) whether elevations in endogenous GIP leads to an
increase in bone formation in GIP over expressing mice. including observing GIP
effects in bone loss associated with estrogen and androgen deficiency and the effects
of nutritional alterations on GIP effects on bone and 2) whether endogenous elevation
in GIP prevents bone loss in GIP over expressing mice subjected to hindlimb
suspension. These studies may establish GIP as the potenuial link between tood
intake and bone metabolism.

Significance: The problem of nutritional modification of bone loss during spaceflight has long
been a subject of discussion and intervention but without success. Altering salt. protein or
carbohydrate intake or caloric intake has not provided answers to control of bone loss. This
project. directed at Goal 1. addresses a novel relationship between diet and bone cell function and



may result in novel countermeasures that expand nutritional impact on bone mass during
extended spaceflight.

3. Receptor Countermeasures to Bone Loss in Microgravity: Smith, Weigel, Bloomfield,
Narayanan, Suva (Baylor, U. Arkansas): Space flight is associated with decreased
gonadal steroid levels and 25(OH) D and 1,25(OH)D2 levels. This study examines
specific pharmacological alternatives. estrogen and vitamin D receptor agonists, as
countermeasures to bone loss. It is hypothesized that the appropriate administration
and or combination of receptor active agent(s) will improve calcium absorption,
promote bone formation and decrease bone resorption. These studies focus on novel
vitamin D receptor agonists (VDR) such as EB189 and selective estrogen receptor
modulator agents (SERMs) such as raloxifene. This study targets the ability of
novel receptor agonists of the vitamin D receptor and estrogen receptor alone or in
combination to modulate osteoblastogenesis, mature osteoblast function and
osteoclastogenesis in vitro and in vivo. The study currently addresses these effects on
preserving bone mass in the hindlimb suspended rat model of microgravity.
Attenuation of disuse bone loss by estrogen and raloxifene in the hind limb suspended
rat has been demonstrated. Altered osteoblast differentiation and preservation of
bone mass during hindlimb suspension has been demonstrated using VDR agonists.

Significance: Hormonal alterations during spaceflight impact bone remodeling and potentiate
bone loss. These changes assume greater significance as extended microgravity exposure is
anticipated. Understanding the cellular mechanisms responsible for these changes are basic to
defining and suggesting effective countermeasures to hormonal imbalance and thus bone loss.
Flight testing with animal models is critical to correcting hormonal perturbations secondary to
microgravity. This project addresses Goal 1. Countermeasure development involves receptor
agonists used during spaceflight to correct gonadal/vit D imbalance.

Applied Research Projects (Readiness Levels 4-6)

4. Muscle Bone Inbalance After Non-Weightbearing: Bloomfield. Hogan Smith. Warren.
Schultheis (Texas A & M): This study utilizes the hind limb suspended rat model to
examine: 1) the time course of recovery of functional properties in a muscle bone pair
of the hindlimb during reambulation after 28 days of skeletal unloading. 2) the
mechanisms affecting the rate of recovery during periods of maximal mismatch
between muscle and bone functional properties. 3) the effectiveness of two exercise
regimens and a biomechanical intervention to promote return of bone strength during
recovery, 4) the effectiveness of PTH treatment and growth hormone treatment as
anabolic countermeasures during recovery.

Significance:  Fracture risk. soft tissue injury and renal calculus formation continue into the
post-flight period. This project addresses post-flight muscle/bone imbalance. and anticipates
countermeasures to minimize continuing injury risk. It contributes to the achievement of Goal 5.
Promote return of bone mass and strength to normal following an extended exposure to
weightlessness. This project will develop countermeasures that may combine effective exercise
regimens and medication to improve osteoblastic bone formation following flight.

5. A Biomedical Countermeasure for Disuse Osteopenia: Rubin. Hadjiargyrou. Zhi.
Judex. Dowd. Donahue (State University of New York at Stony Brook and
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Brookhaven National Labs). Whole body vibrational impact may provide an effective
countermeasure to bone loss during exposure to microgravity. Using the tail-
suspended rat and an oscillating plate to deliver mechanical strain, this study
addresses 4 specific aims: 1) to correlate bone remodeling activity with spatial and
temporal gene transcriptional activity in hind limb bone, 2) to correlate bone
remodeling activity in the hind limb in the presence of 10 min. daily osteogenic
mechanical stimulus (0.3 g @ 30 Hz) with the spatial and temporal transcriptional
activity in the bone, 3) to correlate bone remodeling activity in the hind limb which
arises from 23 h, 50 min of disuse interrupted daily by 10 minute osteogenic
mechanical stimulus (0.3 g @ 30 Hz), 4) to correlate recovery of bone mass and
transcriptional activity in the hindlimb following 28 days of disuse followed by 7 or
28 days of normal weightbearing vs. 28 days of disuse followed by 7 or 28 days of
normal weightbearing plus 10 minutes/day of mechanical stimulus (0.3 g@ 30 Hz),
vs. control. Evaluation will include histomorphometry, microtomographic imaging to
present 3D models of the femur, gene expression patierns (actin, integrin B-3,
osteopontin, collagen 1, connexin 43, BMP-2, MMP-1, MCSF. and ODF). IGF-1
levels in serum will be measured as indicative of coupled bone resorption and
formation.

Significance: Several studies, animal and human have documented the beneficial effect of
impact loading via vibrational stimuli on bone gene expression and bone mass.  Impact loading
in this manner may prove an effective countermeasure to bone loss in space. This project
addresses Goal 1. Since this study requires early flight testing to facilitate-the design of effective
instrumentation, Dr. Rubin has submitted one plan for flight testing for review. Countermeasure
development involves the design and construction of an effective device for vibrational
mechanical loading.

6. Resorption Suppression and Bone Health in Disuse Bone Loss: Schaffler (Mt. Sinai
School of Medicine): This protocol tests the hypothesis that long-term suppression of
bone remodeling with bisphosphonate in a disuse situation will result in preserved
bone mass and architecture but reduced resistance to fracture because of decreased
osteocyte viability and integrity.

Significance: This study assesses potential risks in the utilization of chronic bisphosphonate as a
countermeasure during extended duration spaceflight or following return to Earth after shorter
microgravity exposure, and addresses Goals | and 5. Countermeasure plans include the eventual
design of bisphosphonate with specific bone growth activities.

7. The Effect of Microgravity on Fracture Healing/Ultrasound as a Possible
Countermeasure: Bolander. Tumer, Greenleaf (Mayo Clinic): This program will
determine the effect of hindlimb unloading on fracture healing in the rat model of
microgravity. The study seeks to identify major cellular and molecular targets for
the adverse effects of hindlimb unloading on fracture healing. Fracture healing
will be evaluated by comparing histology and histomorphometry as well as by
mechanical testing at different time points during fracture healing. The study
explores the use of low intensity ultrasound to affect the rate of fracture healing
during hind limb suspension. It is expected that ultrasound will promote cartilage
callus formation and thus enhance the rate of fracture healing.
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Significance: There exists no information about fracture healing in microgravity. This study will
apply biomechanical testing and histomorphometry to fractured regions using the hindlimb
suspended rat. Addressing Goal 2, Reduce risk of fracture and evaluate potential for impaired
fracture healing, the results of this study will orient plans for medical care during flight and
extraterrestrial exploration where fracture risk will be substantially increased and the issue of
healing fractures will be a major concern. Countermeasure development includes the utility of
ultrasound as a means to facilitate fracture healing.

8. SCI as Model for Microgravity: Effect of Zoledronate: Shapiro, Toerge, Ballard,
Baldwin. Beck, Ruff, Burman, Mustapha (Unformed Services University. Johns
Hopkins University and the National Rehabilitation Hospital). This protocol will
utilize subjects with spinal cord injury (SCI, tetraplagia and paraplegia) as models of
the muscle and bone loss experienced by astronauts during extended spaceflight. The
essential elements of this program include 1) measurements of rates of bone loss
during non-weightbearing. 2) measurements of rates of loss of muscle mass, 3)
determination of biochemical alterations in muscle tissue during prolonged non-
weightbearing, 4) geometric and structural analysis of femur bone loss. including 3 D
finite element analysis of femur bone before and after treatments for estimation of
fracture risk. and 5) an evaluation of the effectiveness of the tertiary potent
intravenous bisphosphonate, zoledronate. as a countermeasure to prevent bone loss in
these subjects and in astronauts during space flight.

Significance: This study, which addresses Goals 1 and 5. has two achievable outcomes. The
first is establishment of the spinal cord injured patient as an Earth-bound surrogate for space-
induced bone loss. This task has been accomplished. The second is obtaining data about the
effectiveness of a third level bisphosphonate on Earth and during spaceflight. Bisphosphonate
testing during flight has not yet been initiated: however. such analysis is on the horizon.
Countermeasure development involves the administration of long active bisphosphonate prior to.
during and after flight.

9. Prevention of Microgravin-Induced Stone Risk by KMgCirrate: Zerwekh,
Wuermeser. Pak. Antich. (UT Southwestern Medical Center at Dallas): Both clinical
observations and evaluation of the composition of urine related to stone-forming
factors indicate an increase risk of stone formation during and after extended
spaceflight. The objective of this research study is: 1) to determine the effectiveness
of potassium magnesium citrate (KMgCitrate) as a countermeasure to the propensity
for stone formation and skeletal mineral loss sustained during spaceflight. 2) to
evaluate the effect of KMgCit in averting the diminished muscle Mg and K
concentrations that may occur during microgravity-related muscle atrophy. and 3) to
assess the efficacy of KMgCit supplementation in reducing microgravity-induced
increase in bone resorption and urinary calcium. These specific aims will be studied
in healthy volunteers on chronic bed rest for 5 weeks. Study phases will include 1
week of ambulatory evaluation (A). 2 wecks of bed rest (weeks 2-6) (B) and 2 weeks
of reambulation (weeks 7-8) (C). Subjects will receive Relyte tablets. 3 tabs with
breakfast. and 3 with dinner to equal 42 mEq K. 21 mEq Mg. and 63 mkq citrate.
Placebo controls are included in the study design.

Significance: Renal calculus formation has occurred in cosmonauts. and this study addresses

Goal 4. Reduce risk of renal stone formation. Stone formation is a major health hazard. and
previous clinical studies point to the utility of KMgCit as a useful countermeasure. KMgCit is
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currently under consideration or in use for flight testing. KMgCit may offer additional benefits
now under study in the bed rest model. Flight-testing is appropriate for this agent.

Achieving Non Risk-Based Goals

The team’s activities towards achieving Goal 6, which includes the development of monitoring
methods for bone loss inflight, involve the development and utilization of the AMPDEXA
machine for measurement of bone mineral density during extended flight. The instrument will be
of use on the ISS to measure sequentially and in real time changes in bone mass, estimated at 1-
2%/month during flight. These types of measurements are of value because they permit: 1)
recording differences in rates of bone loss of individual astronauts and the correlation of changes
in bone biomarkers and hormones related to rates of bone loss, and 2) development of specific
countermeasures applied at the time bone loss is evident. This complements preventive measures
applied prior to flight. This machine is ready to be used in healthy volunteers. Plans will be
made for its utilization at the Johns Hopkins Applied Physics Laboratory and for chronic bed rest
studies at the National Rehabilitation Hospital using Dr. Shapiro’s current protocol.

It should be emphasized that several components of the bone program impact the delivery of
medical care on Earth (Goals 7 and 8). Investigating factors responsible for a potential
muscle/bone functional gap during recovery from weightlessness (Bloomfield) addresses an issue
of great significance to the rehabilitation community. In addition. it raises the question of factors
responsible for the delay in recovery of osteoblast function following microgravity exposure.
Definition of mechanisms involved in bone loss during weightlessness and treatment with a
novel intravenous bisphosphonate (Shapiro) is relevant to pediatric and adult non-weightbearing
populations at risk of fracture but currently untreated. Schaffler addresses the question of
potential long term risk secondary to bisphosphonate treatment. a matter of importance to a large
number of elderly currently under treatment for osteoporosis. These analyses and others on the
team address Goal 7. Develop Earth-based applications of countermeasures for bone loss and
fracture risk found in health hazards. Initial work towards achievement of Goal 8. Earth-based
applications of low weight, sensitive bone density machine. involves completion of experiments
in Spinal Cord Injury (Shapiro) project to provide a monitoring arm (AMPDEXA machine) to
correlate bone loss rates with biomarker changes.

Achieving Goal 9, Program Integration. is summarized in Table 3.2: The members of the Bone
Team maintain a constant level of contact through teleconferences. individual conferences and
team meetings at national symposia and meetings. A current program at the Applied Physics
Laboratory involves 3 D finite element analysis, which will be expanded for modeling purposes
as fracture risk data is obtained.

Needs for Bone Loss Program

Bone loss during extended space flight and habitation on extra terrestrial bodies at reduced
gravity poses a significant health hazard for Astronaut crews. This program is developing 3D
finite element analysis for estimates of fracture risk. In view of a rate of bone loss during flight
that is 10 fold that seen in postmenopausal women this risk of fracture that could approach a 10-
15% level during extended spaceflight. This fact is emphasized in NASA Critical Path statement.
The development of novel countermeasures directed at minimizing bone loss and thus fracture
risk. requires a greater understanding of the responsible mechanisms at the cellular level. Our
current understanding of bone loss however is limited to the level of the “effector”™ mechanisms.
i.e.. bone forming and bone resorbing cells. We do not understand what the mechanosensitive



cells in bone actually experience as a result of microgravity, which in turn leads to responses
from the effector cells. Accordingly, our ability to specifically target mechanical and exercise
countermeasures and more effectively develop and utilize pharmacological intervention is
limited. Critical issues for skeletal research, therefore, include issues as fundamental as the
detailed characterization of the Earth-based loading environment of the skeleton. Central to this
effort is developing a detailed understanding of how muscle loss alters function of bone cells,
and whether countermeasures for prevention of muscle atrophy in space will also prevent bone
loss. Unweighting effects and signal transduction mechanisms in bone warrant significant
attention because of their importance in defining the optimal targets, both mechanical and
biological, for countermeasure development. The current NSBRI Bone Loss Program strives to
obtain some of this needed information, but more mechanistic studies are required.

The development of new and effective means for measuring bone mass during space flight, the
application of effective resistive exercise for the maintenance of muscle and bone mass, and
evaluation of biomechanical methods (vibrational impact loading) and new pharmacological
agents all require evaluation under microgravity conditions. This analysis applies to both animal
and human subjects. Unfortunately, the microgravity cannot be exactly approximated on Earth
that may require revisiting the process under which certain projects are considered for flight
testing. Targeted countermeasure research in this area in general is hampered by the problem of
reproducing the microgravity environment for animal or human studies conducted on Earth. Itis
necessary that a coordinated effort between NSBRI Bone Team members and JSC staff facilitate
flight testing for both animal models and human evaluation.

More research is needed in certain areas to achieve all the risk-based goals of the program. The
currently (2000-2003) funded program of the Bone Team addresses Goals 1, 4. and 5 and to a
insufficient extent. Goal 2. However. in spite of a broadly distributed request for proposals
initiated in February 2000. only one proposal was received for Goal 2. fracture healing, and 2
proposals, neither judged fundable. were received for Goal 3. connective tissue injuries. These
issues still need to be addressed. Accordingly. the current NSBRI solicitation again focuses on a
call for research to address gaps in the bone program. specifically. fracture healing and soft
connective tissue injury.

Fvaluation of Current Countermeasure Technologies and Ideas to Further Accelerate
Development

One obijective of this strategic plan should be to conduct broad-based critical evaluations of
current countermeasures nearing the stage of flight-testing.  This process could serve to
stimulate the search for new and novel methods of protecting Astronauts from the risk of fracture
under hazardous conditions.

1) In-Flight Exercise Programs: Resistive/endurance exercise programs are currently
being tested under protocols considered by the Integrated Product Team for Bone,
Muscle and Exercise. Resistive exercise may be an important adjunct to maintaining
muscle mass and bone mass: however. its efficacy in microgravity remains to be
determined. At this time 2 methods are considered for flight testing. the Interim
Resistive Exercise Device and the cycle ergometer (Tesch).

Recommendations: Critical evaluation of the potential usefulness of each method. in flight. is
needed in a timelv manner. so that modifications can be considered if the basic protocols are
determined to not be effective during flight. A combined and focused NASA/NSBRI review to
stimulate novel methods for effective-exercise regimens. under the acgis of the NSBRI Exercise
téam. is also recommended. Also. determination of the effectiveness of current resistive exercise
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regimens by tracking changes in bone mineral density (BMD) with varying intensity, duration or
frequency of training is suggested. Certain biomarker measurements such as serum CTX (a
resorption biomarker) could be obtained concurrently to establish their usefulness in predicting
changes in BMD.

2) Pharmacological agents: New bisphosphonates and receptor agonists (SERMs and
Vit D receptor agonists) are among agents currently being developed by or in clinical
study by NSBRI Bone Team members. It is necessary that NASA regulations
regarding testing agents of potential usefulness be modified to allow flight experience
10 be gained within the limits of astronaut safety.

Recommendations: Bisphosphonate testing on short-term shuttle flights for determination of
acute metabolic effects is recommended. The initial study should pre-treat astronauts with
intravenous pamidronate, an extensively used agent about which extensive clinical and
toxicological information exists. Completion of Earth-bound studies of chronic effects and drug
safety is also required. Administration of potent intravenous bisphosphonates for immediate
metabolic effects on shuttle fights and subsequently on the ISS is suggested. Animal studies. on
mice or rats, to permit testing novel pharmacological agents. e.g.. SERMs and VDR agonists,
leptin and GIP in-flight is also encouraged. Note that commercial (Amgen) studies of
osteoprotegerin have been completed.

3) Mechanical Methods:  These techniques include human centrifuge methods to
simulate gravity that are based on cycling or rotation of a sled or table and vibrational
mechanical stimuli to provide osteogenic signals to bone in a weightless environment.
These methods have been demonstrated in animals and humans to increase bone
formation.

Recommendations: Funding for commercial development of a flight-ready device for providing
vibrational strain to the lower extremities is suggested. The development for Earth testing of a
suitable vibrational impact instrument that could be flight tested within 5 years is encouraged. In
contrast to current commercially designed units. this instrument would be specific for use in
flight.

4) Nutritional Methods: KMgCit is being tested to decrease renal propensity to calculus
formation.

Recommendations: Once safety data have been acquired from bed rest studies. this compound
should be tested on Shuttle flights and later on the ISS. Application of nutritional regimens for
testing in bed rest protocols to improve spontaneous eating patterns during flight and to provide
adequate nutritional supplements in preparation for testing during spaceflight is suggested.

Additional studies and monitoring to consider to initiate

e Biomechanical and radiological testing of fracture healing models during flight and
postflight.

e Assessment of soft tissue injury during and after extended flight. This assessment would
include radiological procedures (MRI) to define the anatomy of the intervertebral space.
vertebral body. and joint space.
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e Testing of the AMP DEXA machine now in preparation at the Johns Hopkins University
Applied Physics Laboratory (JHU APL) on the ground in control and bedrest or spinal
cord injured subjects. Testing on the ISS within 5 years.

e Testing of the mass spectrometer for biochemical analysis (R. Potember, JHU APL) in
flight on the Shuttle. This testing would permit real-time assessment of blood, urine and
saliva biochemistries.

e Animal studies to determine if reduced blood flow to the lower limbs (as observed during
hind limb suspension in rats) impacts on interstitial fluid flow and hence on
mechanotransduction in bone during (simulated or real) weightlessness.

e Identification of key molecular responses in bone which initiate bone loss in space flight.
For example, definition of the signal transduction system that couples gravity-related
muscle pull with bone formation/resorption could be made. This examination will
facilitate development of optimally targeted pharmacological and mechanical
countermeasures.

e Testing transgenic animal (specificity to be defined) models in flight. Considerations
would include site-specific over-expression of locally acting osteogenic factors. Suitable
agents could be those affecting osteoblast/osteoclast function in bone. application of the
“coupling factor” when this is defined. identification through knock out experiments of
critical transcription and growth factors to maintain bone mass in the face of microgravity.

e Advanced testing of novel pharmacological agents during ISS flight. These may be
growth factors to maintain bone formation. novel antiresorptive agents. hormone receptor
agonists. and agents such as leptin and GIP, whose role is yet to be defined.

e Genetic analysis of flight candidates for fracture risk. Family bone density survey. initial
screening for specific osteoporosis related polymorphisms would initiate development of
a data base to serve as a platform for expanded studies as new findings are available.

e Flight-based determination of bone mineral density. Includes application of analytic
programs, including considerations of bone geometry, and modeling for fracture risk

e Correlation of new nutritional and optimized resistive exercise programs with bone
mineral density changes during 6-month flight experience. In addition to bone density.
this analysis would require the development of novel imaging methods for estimation of
bone strength.

e Treatment for fracture healing tested under flight conditions in animals. This test could
include current proposals (ultrasound). as well as. the dermal application or fracture-site
use of instilled agents (e.g.. bone morphogenetic protein-like agents)

Post-flight Rehabilitation Suggestions

Various conditioning training programs are currently in use to assist in the return of bone to
normal levels post-flight. These programs extend for 6 weeks following return and evaluate
conditioning programs with respect to post-flight alterations in bone mass and bone strength and
the return of these parameters to pre-flight values.

Recommendations: Review of the effectiveness of current conditioning programs in American
Astronauts in a joint NSBRI/NASA forum and from that data. design of a standardized
rehabilitation program that will serve to highlight alterations in individual response to
conditioning. This review. in turn. will permit analysis to determine mechanisms responsible for
failure to regain pre-flight mineral mass (e.g.. muscle bone mismatch).

NSBRI/JSC Collaboration
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A short-term aim should be to increase the collaborative efforts between the NSBRI Bone Team
and scientists at JSC and Ames. As currently structured, JSC has a limited capability to deal
with countermeasure development for bone loss. Bone loss, as a Critical Path risk, is a matter of
second priority at the Bone, Muscle, and Exercise Integrated Products Team because of the
current emphasis on flight-testing exercise protocols. This may reflect: 1) failure on the part of
investigators to bring bone related protocols forward, 2) the probability that certain
countermeasures for bone loss are not ready to be flight-tested, and, 3) the slow process in
bringing pharmacological agents to the stage of flight testing. Funding for bone loss research
(HEDS Program) has been significantly hampered by budget problems within NASA as well as
administrative issues. It is strongly recommended that the JSC/NSBRI program be critically
reviewed so that program strategies provide the maximum collaboration between JSC scientists,
engineers, flight surgeons and funded NSBRI investigators and their respective institutions. An
initial step in this effort was taken at the NSBRI meeting at Del Lago. January 2002, where a
combined NSBRI Bone Team/JSC staff meeting was held to open discussions about NASA
targets and current NSBRI research program.

The recommendations presented in this plan are predicated on appropriate funding and the
imposition of a countermeasure targeted research program. Members of this team recommend.
that in contrast to “bottom up” NIH/NSF type funding programs, NASA/NSBRI research should
be a “top down™ system in which research funding follows mission requirements. In turn.
mission requirements should reflect the best consensus about basic and applied priorities.

3.5 OBIJECTIVES AND STRATEGIC ACTIVITIES

Goal 1: Reduce risk of accelerated bone loss leading 10 osteoporosis
Objective 1A: Assess risk and target level of acceptable risk.

e Assess initial and sequential bone mass. bone biomarkers and genetic background.

preflight in astronauts.
Objective 1B: Determine Mechanisms

e Determine mechanisms of bone loss using geometric/structural DEXA analysis pre flight
and on interval flights if applicable.

e Determine mechanisms of bone loss using bone cell populations obtained from the
hindquarter suspended rat or mouse model of microgravity. Mechanisms of bone cell
response to microgravity such as altered signal transduction mechanisms are of critical
importance in the eventual development of new countermeasures.

Objective 1C: Develop countermeasures.

e Study combined effect of related stressors such as radiation and weightlessness and
countermeasures to lessen muscle loss

e Bring bisphosphonate administration and vibrational mechanical loading to point of flight
testing. Achieving this feat may require short-circuiting established pre-flight testing
currently required by NASA. Access exercise protocols.

o Study leptin, GIP. SERMs and Vit D analogues in flight experiments. Build on the
database aimed at the development of new and novel countermeasures. Use a five-year
window for development of new agents. Join with industry to facilitate new drug
development.

Goal 2: Reduce Risk of Fracture and Impaired Fracture Healing
Objective 2A: Assess risk and target level of acceptable risk
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e Using the initial data on fracture healing and callus strength now available through the
Bolander study, recruit additional protocols to focus on these mechanisms and
countermeasure development re: the integrity of the fracture callus.

e Collaborate with Hopkins Applied Technology Group to test the new AMP DEXA in
humans with the aim of a flight model in 2004 for estimation of fracture risk

e Use 3-D finite element analysis derived from CT scans to model fracture risk during flight, in
extraterrestrial environment and post-flight.

Objective 2B: Determine Mechanisms

e Determine mechanisms using cell models derived from fracture site. callus
Obijective 2C: Develop Countermeasures

o Develop countermeasures including ultrasound, mechanical/electrical stimulation

Goal 3: Reduce Risk of Injury to Soft Connective Tissue, Joint Cartilage, and Intervertebral Disc
Rupture w/ or w/o Neurological Complications
Objective 3A: Assess risk and target level of acceptable risk
e Initiate more funded studies. It is recognized that back pain presumably due to
intervertebral disc disease is a significant problem with astronauts. The extent of
cartilage impairment is undetermined. The risk must be determined using specific pre-
and post flight studies of both animals and astronaut vertebrae and joints: biochemical
and histopathological data is required.
Objective 3B: Determine mechanisms
e Study soft connective tissues in the hindlimb suspended model: sequential cartilage
changes. expand the data base on intervertebral disc alterations. The mechanisms
involved in these processes and their prevention/repair are significant issues.
Objective 3C: Develop Countermeasures
e Begin to assess potential countermeasures to injury to include: physical therapy. exercise
programs.

Goal 4: Reduce Risk of Renal Stone Formation
Obijective 4A: Assess risk and target level of acceptable risk.
e Review recent and current astronaut/cosmonaut experience re: stone formation and use of
K Citrate.
e Zerwekh program addresses these issues.
e Re-evaluate urine stone propensity data collected by Drs Pak/Whitson
Objective 2A: Determine mechanisms
Obijective 2A: Develop Countermeasures
e Test KMgCitin flight setting

Goal 5: Reduce Risk of Delayed Return of Bone Mass to Normal Mass and Strength Following
Extended Exposure to Weightlessness
Objective SA: Assess risk and target level of acceptable risk
e Review current data on stress fractures during re-conditioning.
e FEvaluate data obtained in the Bloomfield study (bone/muscle mismatch)
Objective 5B: Determine Mechanisms
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Objective 5C: Develop Countermeasures
e Work with the NASA IPT Committee for Bone, Muscle, and Exercise and JSC flight
surgeons to formulate an effective and long duration rehabilitation program post-flight.

Goal 6: Collaborate with the NSBRI Muscle, Radiation and Technology Development Teams on
the development of methods for inflight assessment of bone health and the appropriate
monitoring, diagnosis and treatment for bone loss, fractures and soft tissue injury.
Develop methods for the inflight assessment of renal stone risk and the prevention and
treatment of renal calculi developed during flight.

e Collaborate with the Technology Team on developing and testing methods for monitoring
of bone mass (e.g., AMPDEXA machine)

e Collaborate with the Muscle Team to correlate biochemical and genetic patterns of bone
loss with changes in bone mass during weightlessness.

e Collaborate with the Radiation Team to evaluate the separate and interactive effects of
radiation and weightlessness on bone cell functions.

Goal 7: Develop Earth-based applications of countermeasures 1o reduce increased bone loss
and fracture risk found in health hazards, such as in children with non-weight bearing disorders
and in adults following CNS and spinal cord trauma
e Complete experiments in Spinal Cord Injury project to provide treatments (such as
bisphosphonates) that are useful to general public. (Shapiro et al)

Goal 8: Develop Earth-based application of low weight, sensitive bone density machine
e Complete experiments in Spinal Cord Injury project to provide a monitoring arm
(AMPDEXA machine) to correlate bone loss rates with biomarker changes that are useful
to general public. (Shapiro et al)

Goal 9: Integrate Research and Analysis
Objective 9A: Integrate Research Within the Muscle Alterations and Atrophy Team
e Teleconferences and team meetings at national symposia.
Objective 9B: Integrate Research With Other Teams. using modeling as well as other approaches
e Use Modeling (3-D finite element analysis. DEXA scan analysis)
e Collaborate with the Radiation Team to study independent and interactive effects of
radiation on bone mass.
Objective 9C: Integrate Research with Scientists Outside of NSBRI
e This is in progress with scientists at the Armed Radiation and Radiobiology Institute, AFRRI.

3.6 SUMMARY

Two major hazards to human extended duration spaceflight are radiation exposure and bone loss.
It is necessary to coordinate NSBRI research efforts with those of the NASA extramural HEDS
program so as to create a focused, countermeasure development and testing program aimed at
addressing problems of bone loss. In the current program. basic and applied protocols examine
regulation of bone mass under weightlessness conditions. as well as, potential pharmacological.
nutritional. exercise and biomechanical methods of countering bone loss. Questions related to
accelerated bone loss. post-flight fracture. and renal calculus formation are addressed; however,
some risks to astronaut health, such as inflight fracture risk and healing and soft tissue injury
risk. are not being adequately addressed at this time. Investigation of cellular mechanisms
modulating bone cell function should be a more prominent part of the program. Coordination of
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countermeasure development with in-flight and post-flight monitoring should be an integral part
as well.



Table 3.1. Project Research Activities

P1/Project

Risk(s) Addressed

National Space Biomedical Research Institute
BONE LOSS PROGRAM

Countermeasure

Target

Experimental
System

Phase 1
Activities:
Focused
Mechanistic
Research

Phase 2 Activities:
Preliminary
Countermeasure
Development
Research

Phase 3 Activities:
Mature
Countermeasure
Development
Research

BLOOMFIELD' Bone
and Muscle Recovery
from Simulated
Microgravity

Post-flight fracture risk

s Pharmacological

e [Exercise

Hind limb
suspended rat

Muscle/bone
imbalance

Exercise regulation,
PTH, growth hormone

BOLANDER The Eftect
of Microgravity on
Fracture Healing:
Ultrasound as a Possible
Countermeasure

Microgravity impact on
fracture healing

Ultrasound

Hind limb
suspended rat

Integrity of
fracture healing
callus formation

Ultrasound action on
fracture healing

ISALES Therapeutic
Modulation of Systemic
Glucose-Dependent
Insulinotropic Peptide
Levels to Counteract
Microgravity-Induced
Bone Loss

Accelerated bone loss leading
10 0Steoporosis

Mice, transgenic
mice

GIP effect on
bone remodeling

Nutritional intervention
to increase GIP levels
and lesson bone loss

KARSENTY ‘Leptin as a
Regulator of Bone
Formation in
Microgravity

Accelerated bone loss leading
10 osteoporosis

Pharmacological

Leptin (humoral
factors)/CNS
inhibition role in
bone remodeling;
cntrl mechanisms

Test hindlimb suspended
animals for this system
and potential cms

RUBIN'A
Biomechanical
Countermeasure for
Disuse Osteopenia

Accelerated bone loss leading
to osteoporosis

Mechanical
stimulation

Gene expression
related to
vibratory stimuli

Mechanically stimulate bon
via impact loading;
operational features for

testing in human

Flight protocol under
review at JSC




Table 3.1. Project Research Activities (continued)

National Space Biomedical Research Institute

Pl/Project

Risk(s) Addressed

Countermeasure
Target

Experimental
System

BONE LOSS PROGRAM

Phase 1
Activities:
Focused
Mechanistic
Research

Phase 2 Activities:
Preliminary
Countermeasure
Development
Research

Phase 3 Activities:
Mature
Countermeasure
Development
Research

SCHAFFLER/Resorptio
n Suppression and Bone
Health in Disuse

Fracture risk after
bisphosphonate treatment

Pharmacological

Dog with
immobilized limb

Characterization of
osteocyte integrity

Propose alterations in
bisphosphonate drug
dose, duration of
administration

SHAPIRODefining and
Preventing Bone Loss: A
Microgravity Model

Accelerated bone loss
leading to osteoporosis
Fracture risk after
bisphospho-nate
treatment

Pharmacological

Patients with spinal
cord injury

Characterize rates
and patterns of
bone loss, muscle
loss in non-weight
bearing subjects

Administration of
intravenous potent
bisphosphonate
(zoledronate) to protect
bone loss

Flight testing of
bisphosphonates under
consideration

SMITH Receptor
Countermeasures to
Bone Loss in
Microgravity

Accelerated bone loss leading
to 0steoporosis

Pharmacological

Hind limb
suspended rat

Characterize
receptor agonist
effects on bone cell
and prevention of
bone loss

Testing with SERMs and
vitamin D agonist to
decrease bone loss; in
progress in hindlimb
suspension model, flight
testing anticipated.

|
|

ZERWEKH/Prevention
of Microgravity-Induced
Stone Risk by
KMgCitrate

Renal calculus prevention

Nutritional

Normal human
volunteers at bed
rest.

Effects of treatment with
KMgCit on bone and
muscle loss, renal stone
propensity

Flight testing to be
proposed.




National Space Biomedical Research Institute
BONE LOSS PROGRAM

Table 3.2. Integration Activities

BLOOMFIELD | BOLANDER ISALES KARSENTY SCHAFFLER SHAPIRO ZERWEKH

Monthly same same Same same same same
Internal teleconferences,

Communication team meetings 2-
3 times per year

Collaboration
Integrated with Smith
Experiment project
Development

Collaboration Muscle team With Isales

Sample Sharin with Zerwekh - | collaborates on GIP project
p g proj

bedrest this project
project

Collaborate
Synergistic Studies with

of Opportunity ‘ Technology
Team for
AMPDEXA
evaluation

Development of
Computer Model of
Integrated Human
Function
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National Space Biomedical Research Institute
BONE LOSS PROGRAM

Table 3.3. Achieving Goal 1: Reduce Risk of Accelerated Bone Loss Leading to Osteoporosis

Countermeasure Development Phases Pre |2001]2002]2003]2004]2005]2006 200720082009 2010 2011 12012
2001

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

e Understand gravity effects on leptin :
Understand gravity effects on GIP i l | '
Complete evaluation of chronic bisphosphonate effect on bone ceils t ‘
Determine how spinal cord injured (SCI) affects biochemistry of atrophy of |
human muscle

Model fracture risk in SC1 with 3D finite element analysis

Evaluate alterations in fracture healing in weightlessness

Assess bone/muscle gap during reconditioning

Define geometric/structural parameters on bone loss in spinal cord injured
patients

Phase 2: Preliminary Countermeasure Development Research
Assess chronic bisphosphonates use on osteocyte integrity

Test SERM/Vitamin D agonist effects during flight in animals

Determine role of ultrasound in fracture healing in weightlessness

Assess role of exercise, PTH and growth hormone during reconditioning of
hind limb suspended rats.

Phase 3: Mature Countermeasure Development Research

o Develop integrated exercise, nutritional, and pharmacological
countermeasure and test in humans: test exercise activity on bone mass

e Determine whether vibrational mechanical loading can be adapted to flight
conditions: correlate engineering requirements for flight testing

e Evaluate AMP DEXA apparatus with Technology Team

Phase 4: Countermeasure Evaluation & Validation
¢  Test intravenous bisphosphonate during flight
o Test KMgCit during flight
Phase 5: Operational Implementation of Countermeasure Strategy




4.0 CARDIOVASCULAR ALTERATIONS

Team Leader: Richard J. Cohen, M.D., Ph.D.
Whitaker Professor of Biomedical Engineering
Harvard-MIT Division of Health Sciences and Technology
Massachusetts Institute of Technology
45 Carleton Street, Rm. E25-335A
Cambridge, MA 02139-4301
617-253-7430
617-253-3019 FAX
rjcohen{@mit.edu

4.1 INTRODUCTION

During space flight the cardiovascular system undergoes adaptive changes in structure and
function in response to weightlessness and other factors. such as sleep disruption, confinement
and additional environmental alterations. Space flight is associated with a movement of fluid
from the lower extremity to the thorax and head. a modest decrease in intravascular volume. and
a modest decrease in arterial pressure. In addition, there are alterations in the lymphatic, neural
and hormonal control systems. While these adaptations appear to be associated with generally
adequate cardiovascular performance during conditions of short-duration space flight. they are
not appropriate upon reentry into a gravitational environment. Furthermore, the extent of
cardiovascular adaptation appears to increase with duration of space flight. and the magnitude
and implications of these adaptations for long-duration space flight (that is, months to years)
remain largely unknown.

Specific adverse effects of space flight on the cardiovascular system include:

1) Impaired Cardiovascular Response to Orthostatic Stress. Upon reentry into the
Earth's gravitational field. astronauts experience orthostatic intolerance. which limits
their ability to function during reentry. In many cases. the orthostatic intolerance 1s
sufficiently severe that astronauts cannot stand erect for some time after landing and thus
may interfere with the ability of astronauts to egress from the spacecraft under emergency
conditions. Upon reentry into a gravitational field. blood pools in the dependent veins
and arteries which leads to reduction in preload to the heart. resulting in a decrease in
stroke volume, cardiac output and arterial blood pressure. Factors involved in the
development of orthostatic intolerance may include structural and functional adaptations
of the heart and arterial and venous blood vessels and lymphatics. alterations in volume
control mechanisms. alterations leading to an inadequate or defective neural and
hormonal regulatory response. alterations in local vascular reactivity. and mechanisms
controlling regional distribution of blood volumes and flows. Factors, such as age.
gender. genotype. as well as occupational. physical training and dietary history. may
affect individual susceptibility to the development of post-flight orthostatic intolerance.
Currently used countermeasures. such as oral administration of salt and water prior to
reentry and application of anti-gravity suits. do not adequately prevent orthostatic
intolerance. especially following long-duration space flight.



2)

3)

4)

3)

4.2

Occurrence of Serious Cardiac Dysrhythmias. A number of anecdotal reports suggest
that long-duration space flight might lead to an increased incidence of potentially serious
heart rhythm disturbances. If space flight does in fact significantly decrease cardiac
electrical stability, the effects could be catastrophic, potentially leading to sudden cardiac
death. It will be important to determine the mechanisms underlying this phenomenon in
order to develop appropriate countermeasures. Potential mechanisms that might lead to
reduction in the stability of the electrical substrate include electrolyte changes. changes in
the neural and hormonal milieu, and alterations of cardiac myocytes, myocyte
connectivity and extracellular matrix resulting from space flight. These alterations may
in turn lead to changes in cardiac conduction and repolarization processes that predispose
the heart to sustained rhythm disturbances.

Diminished Cardiac Function. Long-term space flight may lead to a measurable
reduction in cardiac mass, probably associated with cardiac remodeling. It is not known
whether these cardiac alterations are reversible and whether they pose a long-term health .
risk to astronauts. Factors that may be involved in alterations in cardiac function include
changes in myocyte number, size, and geometry: changes in myocardial matrix and
microvasculature; alterations in myocyte and organ-level mechanical performance;
changes in cardiac gene programming; stimuli and signals that lead to loss of cardiac
mass and remodeling; factors affecting reversibility and recovery from these alterations.

Manifestation of Previously Asymptomatic Cardiovascular Disease. Long-duration
space flight may exacerbate previously undetected cardiovascular disease, such as
coronary artery disease. Little is known about what conditions of space flight may tend to
make pre-existing disease symptomatic or accelerate the progression of the underlying
disease. Also. we do not know what procedures should be applied to screen astronauts
for the presence of asymptomatic cardiovascular disease prior to long term missions

Impaired Cardiovascular Response to Exercise Stress. Long-term space flight may

impair cardiovascular response to exercise. Current inflight exercise programs appear
adequate to maintain aerobic exercise capacity.

RISKS

In concert with the above described adverse effects of space flight. the following risks in the
Cardiovascular Alterations Discipline Area have been identified in the Critical Path Roadmap
(Risk number in parentheses):

4.3

Impaired Cardiovascular Response to Orthostatic Stress (14)
Occurrence of Serious Cardiac Dysrhythmias (13)

Diminished Cardiac Function (15)

Manifestation of Previously Asymptomatic Cardiovascular Disease (16)
Impaired Cardiovascular Response to Exercise Stress (17)

GOALS

The Cardiovascular Alterations Team has the following goals for its program:



Risk-Based Goals

Goal 1:  Reduce risk of impaired cardiovascular response to orthostatic stress

Goal 2: Reduce risk of occurrence of serious cardiac dysrhythmias

Goal 3: Reduce risk of diminished cardiac function

Goal 4: Reduce risk of manifestation of previously asymptomatic cardiovascular disease
Goal 5:  Reduce risk of impaired cardiovascular response to exercise siress

Non Risk-Based Goals

Goal 6: Develop new cardiovascular diagnostic and therapeutic technologies for space
flight applications

Goal 7:  Develop new cardiovascular diagnostic and therapeutic technologies for medical
use on Earth

Goal 8: Integrate Research and Analysis
4.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The overarching intentions of the Cardiovascular Alterations Team are to:
e Characterize and quantify the adverse effects of space flight on cardiovascular structure
and function '
Determine the mechanisms of these adverse effects
Develop effective countermeasures to these adverse effects
Develop new cardiovascular technologies for use in countermeasure development and
for spin-off applications on Earth

The program’s overall strategy is dictated by the relevant risks. The following risks are deemed
to be high priority and are the focus of the team’s efforts:

e Impaired Cardiovascular Response ta Orthostatic Stress (14; Addressed 1n Goal 1)

e Occurrence of Serious Cardiac Dysrhythmias (13: Addressed in Goal 2)

e Diminished Cardiac Function (15; Addressed in Goal 3)

The remaining two risks are deemed to be of low priority:
e Manifestation of Previously Asymptomatic Cardiovascular Disease (16; Addressed in
Goal 4)
e Impaired Cardiovascular Response to Exercise Stress (17: Addressed in Goal 5)
While some of the projects do address some aspects of these two risks. no one project principally
addresses these risks.

Additional non risk-based goals include those associated with the development of new
cardiovascular technologies for use in space (Goal 6) and for Earth-based applications (Goal 7).
Integration of Research and Analysis is Team Goal 8.



The current program is summarized in the Figure at the end of this document. Table 4.1, entitled
“Current Project Research Activities,” summarizes for each current Cardiovascular Alterations
Team project what risks are addressed, the experimental system, the countermeasure target and
the planned progression of each project along the strategic steps of Phase 1, 2 or 3 Activities.

The Cardiovascular Alternations Team has recently been enlarged by the transfer of three
projects (Bers, Coolahan, McCulloch) from the former Integrated Human Function Team. This
transfer was the result of an NSBRI management decision that it was better for the computer
modeling and simulation projects to reside in specific teams rather than to be grouped in a
separate Integrated Human Function Team. An additional cardiovascular modeling project with
Dr. Mark has been part of the Cardiovascular Alterations Team since its inception and is thus
already very well integrated into the team’s activities. A project with Dr. Murad was also just
recently incorporated into the team. As a result, the Cardiovascular Alterations Team now has 16
projects (see Figure). While we have always attempted to have horizontal communication across
all team projects, with the growth of the team to 16 projects we have decided to organize the
projects into groups of Human Studies. Rodent Studies. and Cardiovascular Technologies.
Projects within each group will have separate group meetings in addition to meetings of the
entire team.

Progress Towards Risk-Based Goals

Projects addressing risk of Impaired Cardiovascular Response to Orthostatic Stress (Goal 1).
Most of the effort of the Cardiovascular Alterations Team has been focused on the problem of
post-flight orthostatic hypotension, for this is a well-known current operational problem. As a
matter of fact. all the team projects are involved in this effort. In animal and human studies we
have studied mechanisms and proposed and tested countermeasures. We are examining a wide
range of factors including neural, vestibular. hormonal. vascular. cardiac. lymphatic. and genetic
factors that may contribute to the development of orthostatic hypotension. We have also
developed new non-invasive techniques to study alterations in cardiovascular regulation resulting
from space flight. One such technique is Cardiovascular System Identification that involves
mathematical analysis of spontaneous second-to-second fluctuations in physiological signals
such as heart rate. arterial blood pressure. cardiac output. and respiration to create an
individualized closed loop model of cardiovascular regulation. Finally. we have developed and
utilized computer simulations of the cardiovascular system to analyze data. investigate
mechanisms, evaluate proposed countermeasurcs. and refine hypotheses to be tested
experimentally. The dynamic interplay between animal. human and computer simulations has
already led to the proposal of the alpha-sympathetic agonist, midodrine. as a pharmacological
countermeasure to the development of orthostatic hypotension. and the successful testing of this
countermeasure in animal and ground based human studies.  Flight studies of this
countermeasure have been approved and will begin soon. We are also developing an innovative
pulsatile G-suit as a new countermeasure.

Projects addressing risk of Occurrence of Serious Cardiac Dysrhythmias (Goal 2). Several of
the team projects relate to the development of life threatening dysrhythmias in space (Bers.
Cohen. Coolahan, McCulloch. and Williams). The focus here has been to establish specifically
whether simulated microgravity increases the risk of these ventricular tachyarrhythmias. To test
this hypothesis a new non-invasive technique has been developed for the identification of
subjects at risk of developing ventricular tachyarrhythmias - measurement of microvolt T-wave
alternans. This technique was developed under both NASA and NSBRI support. This technique
has been validated in multiple studies of patients with increased sudden cardiac death. The
technique has proven to be the best non-invasive predictor of susceptibility to ventricular
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tachyarrhythmias and sudden cardiac death. It has been successfully commercialized, cleared by
the FDA, and approved by Medicare for reimbursement, and is in widespread clinical use. Initial
bed rest data using microvolt T-wave alternans suggests that simulated microgravity increases the
risk of ventricular tachyarrhythmias, and flight studies will shortly be initiated to test this in
astronauts pre- and postflight. Mechanistic ground based studies will examine the effects of age
and gender on susceptibility to ventricular tachyarrhythmias. Also, current studies plan to
evaluate aldosterone antagonists (spironolactone) and alterations in dietary intake of electrolytes
as potential countermeasures.

Projects addressing risk of Diminished Cardiac Function (Goal 3). One project (Lorell) deals
primarily with the risk of diminished cardiac function and several other projects (Bers, Cohen,
Coolahan, Delp. Mark, McCulloch, Shoukas, Thomas. and Williams) have this risk as a less
primary focus. The aim here is to establish the development of atrophy and remodeling in
ground based models and to study molecular and genetic mechanisms and functional sequelae.
We require more flight data documenting the extent of space induced cardiac atrophy and
remodeling that occurs during flight.

Projects addressing risk of Manifestation of Previously Asymptomatic Cardiovascular Disease
(Goal 4). There are no current projects that really focus on this issue. A few projects are
minimally associated with this problem (Coolahan, McCulloch. and Thomas). Although this s a
lower priority risk than the first threc. we are interested in the question of determining what is the
optimum set of screening tests for astronauts to detect asymptomatic cardiovascular disease that
may cause problems during long duration space flight. We plan to solicit proposals in this area
in the future.

Projects addressing risk of Impaired Cardiovascular Response to Exercise Stress (Goal 3).
Although several of the projects address exercise. this is not a primary focus of any of the current
projects. The reason for this situation is that the current in-flight exercise regimen appears to be
adequate to maintain aerobic exercise capacity.

Progress Towards Non Risk-Based Goals

Progress towards Development of New Cardiovascular Technologies for Space flight (Goal 6)
and Earth-based Applications (Goal 7). The progress of the Cardiovascular Alterations Team
has been heavily dependent on the development of new technologies which allow us to better
understand, measure and alter physiological processes. Technologies that we have developed
and applied include computer simulation technologies. Cardiovascular System Identification
technology for the non-invasive quantification of closed cardiovascular regulation, measurement
of Microvolt T-Wave Alternans to assess cardiac electrical stability, and ultrasound technologies
for the non-invasive assessment of cardiovascular function. One of these technologies
(Microvolt T-Wave Alternans) has already been successfully commercialized for clinical use here
on Earth. We are just beginning to develop a novel pulsatile G-suit-as a countermeasure [0 the
development of orthostatic hypotension. Future progress of the Cardiovascular Alterations
Team will continue to be dependent. in part, on the development of new diagnostic and
therapeutic technologies. In the future we plan to solicit proposals which specifically focus on
the development of novel cardiovascular technologies with applications 1o both space and Earth
medicine.

Progress towards Integration (Goal 8) The cardiovascular tcam strives to have a dynamic
interplay/integration between projects focused on animal studies. human studies. and
cardiovascular simulations (Table 4.2 and Figure 4.1). This intra-team interaction has been
facilitated by team retreats and telecons. With the recent enlargement of our team from 12 to 16
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projects discussed above, going forward we will have projects within each of the three areas
(animal studies, human studies, and cardiovascular simulations) also meet separately in addition
to the team wide meetings.

In addition to our intra-team integration we interact with a number of other NSBRI teams
including Human Performance, Neurobehavioral, Neurovestibular, Rehabilitation, Technology
Development, and Smart Medical Systems. Two of our project leaders (Cassone, Thomas) are
integrated into the functioning of other teams (Human Performance, Smart Medical Systems).
We plan to further promote this inter-team interaction for the following reasons:

e In addition to microgravity. other conditions of space flight may also adversely affect the
cardiovascular system, including sleep disruption, reduced physical stress, environmental
factors, and psycho-social stresses.

e Countermeasures proposed by and/or affecting the other teams may include
pharmacological, nutritional, and physical interventions (including artificial gravity) and
modifications of behavior, activity and environment.

Additional Issues
Below are some important cross-cutting issues which affect multiple projects.

Experimental Models. Additional data from space flight is required to evaluate the degree of
correspondence of data from ground-based animal and human models with space flight data.
Previously. we have had very limited opportunity to obtain data for this validation. but we are
now beginning to obtain both animal and human flight data.

Cardiovascular Space Flight Database. There is an urgent need to obtain and make available
to investigators a systematic database of cardiovascular data from astronauts before. during and
after space flight ~We will be working with a NASA-NSBRI initiative to develop a
cardiovascular physiological flight database from data collected routinely during ongoing flights.

Experimental Approaches. Investigations are required which range from the molecular. genetic
and cellular level to the organ system level to the level of the entire organism. Our projects do
span this spectrum and we are using computer simulations as a means of integrating the
experimental data across these different levels of organization.

Individual Susceptibility. Investigation of factors that make an individual more susceptible to
the adverse effects of space flight on the cardiovascular system may include age. gender.
genotype. and dietary, occupational and physical conditioning history. ~ We have begun to
address these issues but more activity in this area is required.

4.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Presented here arc the objectives underlying each goal and the strategic activities that we plan to
use to achieve the goals and objectives of our program. The timelines for achievement of the
activities underlying each goal are presented in Table 4.3.

Goal 1: Reduce Risk of Impaired Cardiovascular Response to Orthostatic Stress
Objective 1A: Assess Risk and/or Determine Level of Acceptable Risk
e Continue to collect data from ongoing flights to determine incidence and level of risk of
orthostatic intolerance particularly during long term flights
Objective 1B: Determine Mechanisms



Understand alterations in nitric oxide and prostacyclin systems
Understand alterations in circadian physiology
Study alterations in CV regulation using CV System Identification
Develop accurate computer models of CV System
Study effects of microgravity on blood vessels, lymphatics
Study effects of adrenergic agents (midodrine)
Study effects of soluble guanylyl cyclase gene disruption
Study effects of vestibular stimulation
Develop and apply relevant ultrasound technology
Assess volume, electrolyte and hormonal responses
Assess effects of sleep disruption
Assess effects of gender and age
Develop pulsatile G suit
e Assess effects of artificial gravity
Objective 1C: Develop Countermeasures
Preliminary
e Evaluate pharmacologic alteration of nitric oxide and prostacyclin systems
Evaluate circadian intervention
Use CV System Identification to evaluate countermeasures
Utilize CV models to simulate effects of countermeasures
Evaluate vascular and lymphatic interventions
Evaluate adrenergic agents (midodrine)
Evaluate soluble guanylyl cyclase intervention
Evaluate vestibular intervention
Utilize ultrasound technology to evaluate countermeasures
Evaluate volume regulatory and electrolyte interventions
Evaluate sleep control intervention
Evaluate gender and age dependent interventions
Evaluate exercisc countermeasure
Evaluate pulsatile G suit
¢ Evaluate artificial gravity countermeasure
Mature
¢ Test midodrine countermeasure in human ground studies
e Select and test most promising countermeasures and develop and test in human ground
studies
Evaluation and Validation
e Flight test midodrine countermeasure
e Flight test other countermeasures successful in mature countermeasure development
Operational Implementation
e Implement midodrine countermeasure
o Implement other countermeasures successful in evaluation and validation of counter-
measures

Goal 2: Reduce Risk of Occurrence of Serious Cardiac Dysrhvthmias
Objective 2A: Assess Risk and/or Determine Level of Acceptable Risk
e Obtain and analyze ECG data from prior and future flights to determine incidence of
dysrhythmias
Obijective 2B: Determine Mechanisms
e Microvolt T-wave alternans (MTWA) studies in patient populations to validate MTWA
as a non-invasive measure of susceptibility to ventricular dysrhythmias



e Measure effects of microgravity on susceptibility to ventricular dysrhythmias as measured
by MTWA in humans

e Measure effects of electrolyte alterations on susceptibility to ventricular dysrhythmias as
measured by MTWA in humans

e Measure effects of alterations in volume regulatory hormones on susceptibility to
ventricular dysrhythmias as measured by MTWA in humans

e Measure effects of age and gender on susceptibility to ventricular dysrhythmias as
measured by MTWA in humans

e Develop animal model of microgravity altered susceptibility to ventricular dysrhythmias

e Develop computer models of cardiac electrical activity in humans

Objective 2C: Develop Countermeasures

Preliminary
e Test aldosterone antagonist (spironolactone) as potential countermeasure in human
studies

Measure MTWA in pre and post flight astronauts

Evaluate dietary countermeasure in human studies

Evaluate pharmacologic countermeasures in animal studies

e Evaluate countermeasures developed for Goal 1 in human studies

Mature
e Select and test most promising countermeasures and develop and test in human ground
studies

Evaluation and Validation

o Flight test countermeasures successful in mature countermeasure development
Operational Implementation

e Implement countermeasures successful in evaluation and validation of countermeasures

Goal 3: Reduce Risk of Diminished Cardiac Function
Objective 3A: Assess Risk and/or Determine Level of Acceptable Risk
e Obtain and analyze relevant data from prior and future flights to characterize and quantify
to what extent space flight causes cardiac atrophy and remodeling. whether the alterations
are reversible and whether they pose a long-term risk to astronauts.
Objective 3B: Determine Mechanisms
e Develop myocyte and cardiac computer models
Measure effects of microgravity on cardiac mass
Measure effects of microgravity on myocyte function
Measure effects of microgravity on cardiac remodeling
Measure role of calcium. hormones. genes. muscle degradation
Develop ultrasound techniques to measure cardiac function

Objective 3C: Develop Countermeasures

Preliminary

e Use computer models to simulate potential countermeasures

Evaluate growth hormone countermeasure
Evaluate adrenergic countermeasure
Evaluate dietary and exercise countermeasures
Evaluate other pharmacological countermeasures
e Evaluate countermeasures developed for Goal | in human studies

Mature
e Select and test most promising countermeasures and develop and test in human ground
studies
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Evaluation & Validation

e Flight test countermeasures successful in mature countermeasure development
Operational Implementation

¢ Implement countermeasures successful in evaluation and validation of countermeasures

Goal 4: Reduce Risk of Manifestation of Previously Asymptomatic Cardiovascular Disease
Objective 4A: Assess Risk and/or Determine Level of Acceptable Risk
e Propose non-invasive screening protocol to detect asymptomatic cardiovascular disease
and test in ground-based study where subjects are followed for several years for
manifestations of cardiovascular disease.

Goal 5: Reduce Risk of Impaired Cardiovascular Response to Exercise Stress
e Since current inflight exercise regimens appear to accomplish this goal, we do not plan
further activity in this area.

Goal 6: Develop new cardiovascular diagnostic and therapeutic technologies for space flight
applications
Objective 6A: Solicit proposals

Goal 7: Develop new cardiovascular diagnostic and therapeutic technologies for medical use on
Earth
Objective 7A: Solicit proposals

Goal 8: Integrate Research and Analysis
Objective 8A: Integrate Research Within the Cardiovascular Alterations Team.
e Continue scheduled discussions
Objective 8B: Integrate Research With Other Teams. Using Modeling as well as Other Approaches
e Integrate cardiovascular models with models of other organ systems 1o simulate inte-
grated physiologic behavior of multiple systems
e Create models of individualized physiologic function from data collected on a single
astronaut at a single point in time
e Develop shared research protocols with other teams such as Human Performance.
Neurobehavioral. Neurovestibular. Rehabilitation. Technology Development. and Smart
Medical Systems.
Objective 8C: Integrate Research with Scientists Outside of NSBRI

4.6 SUMMARY

During space flight the cardiovascular system undergoes adaptive changes in structure and
function in response to weightlessness and other factors. such as sleep disruption. confinement
and additional environmental alterations. Space flight is associated with a movement of fluid
from the lower extremity to the thorax and head. a modest decrease in intravascular volume. and
a modest decrease in arterial pressure. In addition. there are alterations in the lymphatic. neural
and hormonal control systems. While these adaptations appear to be associated with generally
adequate cardiovascular performance during conditions of short-duration space flight, they are
not appropriate upon reentry into a gravitational environment. Furthermore, the extent of
cardiovascular adaptation appears to increase with duration of space flight. and the magnitude
and implications of these adaptations for long-duration space flight (that is. months to years)
remain largely unknown.
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Adverse effects of space flight on the cardiovascular system include: 1) Upon reentry into the
Earth’s gravitational field, astronauts experience orthostatic intolerance, which limits their ability
to function during reentry and after landing and possibly could interfere with the ability of
astronauts to egress from the spacecraft under emergency conditions.  Currently used
countermeasures, such as oral administration of salt and water prior to reentry and application of
anti-gravity suits, do not adequately prevent orthostatic intolerance, especially following long-
duration space flight. 2) A number of anecdotal reports suggest that long-duration space flight
might lead to an increased incidence of potentially serious heart rhythm disturbances. If space
flight does in fact significantly decrease cardiac electrical stability, the effects could be
catastrophic, potentially leading to sudden cardiac death. 3) Long-term space flight may lead to a
measurable reduction in cardiac mass. It is not known whether these cardiac alterations are
reversible and whether they pose a long-term health risk to astronauts. 4) Long-duration space
flight may exacerbate previously undetected cardiovascular disease, such as coronary artery
disease. 5) Long-term space flight may impair cardiovascular response to exercise.

The aim of the Cardiovascular Alterations Team is to minimize these risks using the following
approach:
e Characterize and quantify the adverse effects of space flight on cardiovascular structure
and function
Determine the mechanisms of these adverse effects
Develop effective countermeasures to these adverse effects
Develop new cardiovascular technologies for use in countermeasure development and for
spin-off applications on Earth

This approach involves an integrated team effort involving projects ranging from the molecular.
cellular. organ system, and whole animal investigations as well as computer simulations.

The team has already achieved advanced development of one countermeasure for orthostatic
hypotension. the alpha agonist midodrine. The tcam has progressed from ground-based studies
to having two flight studies approved. one of which will be testing the midodrine
countermeasure. the other of which will focus on alterations in vascular control mechanisms.

The team has successfully developed two new technologics. One of these technologies.
measurement of microvolt T-wave alternans is a non-invasive means of assessing risk of
ventricular arrhythmias and sudden cardiac death. This technology is being used to determine
whether microgravity predisposes astronauts to ventricular dysrhythmias. This technology has
been successfully commercialized, cleared by the FDA. reimbursed by Medicare. and is in
widespread clinical use to reduce sudden cardiac here on Earth. which claims 350,000 lives in the
United States each year. The other technology developed by the team is Cardiovascular System
Identification that non-invasively quantifies closed-loop cardiovascular regulation.  This
technology is being used to assess mechanisms of post flight orthostatic hypotension. and also
has applications for diagnosis and management of heart failure. diabetes and hypertension on
Earth.

The team has developed effective cardiovascular computer models that have been used to
analyze and integrate data from multiple studies and evaluate potential countermeasures.
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Figure 4.1 — Relationship and Integration of Projects
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Table 4.1. Project Research Activities

Pl/Project

Risk(s)
Addressed

Countermeasure
Target

Experimental
System

Phase 1
Activities:
Focused
Mechanistic
Research

Phase 2
Activities:
Preliminary
Countermeasure
Development
Research

Phase 3
Activities:
Mature
Countermeasure
Development
Research

BAYORH/Possible

Countermeasures to Post-
Suspension Hypotension

in the Head-Down Tilt
Rat Model

Orthostatic
hypotension

Pharmacological
(Nitric oxide and
prostacyclin
inhibitors)

Head-down tilt rat
model

Alterations in
nitric oxide and
prostacyclin
systems

Interventional
pharmacological
studies

Test countermeasures
in human studies

BERS/Integrative

Cardiac Myocyte Model:

lon channels, Ca and
Contraction

» Dysrhvthmias

» Cardiac
function

® Orthostatic

hypotension

Simulation of effects
of wide variety of
potential
countermeasures

Computer
simulation of
cardiac mvocyte

Develop
computer mode
of cardiac
myocyte

Simulate effects of
space flight and
potential
countermeasures on
myocyte function

Use computer model
to analyze data from
animal and human
countermeasure studies

CASSONE Microgravity

and Circadian

Cardiovascular Function

Orthostatic
hy potension

e Environmental
¢ Pharmacologic

Tail suspended rat

Effects of
alterations in
circadian physiol
and microgravity
on nervous and
CV systems

Interventional studies:
e Environmental
® Pharmacological

Test countermeasures
in human studies

COHEN: Cardiovascular

Effects of Simulated
Microgravity in Man

Orthostatic
hypotension
Exercise
Cardiac
function
Dyshythmias

¢ Pharmacological
(Midodrine and
Spironolactone)

o Diet (Electrolyvtes)

e Head down tilt
bed rest -
humans

¢ Sleep disruption

e Groups vary by
age and gender

-~

Eftects of
microgravity on:
e CV regulation
(CV System
Identification)
¢ Dysrhythmias
(T-Wave
Alternans)

Ground based testing
in humans of

¢ Midodrine

e Spironolactone

¢ Diet (Electrolytes)

Ground based testing
in humans of

e Midodrine

» Spironolactone

¢ Diet (Electrolytes)




Table 4.1. Project Research Activities (continued)
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(T-Wave
Alternans)

Phase 2 Phase 3
Phase 1 R R
Activities: Activities: Activities:
Risk(s) Countermeasure | Experimental Focused. Preliminary Mature
PI/Project Addressed Target System Mechanistic Countermeasure | Countermeasure
Research Development Development
Research Research
COHEN:Effects of p Orthostatic & Pharmacological Pre and post flight | Effects of Pre and post flight in Pre and post flight in
Space Flight on hypotension (Midodrine and humans microgravity on: | humans of humans of
Cardiovascular Stability p Exercise Spironolactone) e CV regulation | ® Midodrine ¢ Midodrine
b Dysrhythmias | e Diet (Electrolytes) (CV System ¢ Spironolactone o Spironolactone
Identification) | ® Diet (Electrolytes) ¢ Diet (Electrolytes)
oDysrhythmias ® Spironolactone

Simulation of Integrated
Human Function

COOLAHAN/Distributedp

Orthostatic
hypotension
Dyshythmias
Cardiac
function

CV Disease
Exercise

Simulation of effects
of wide variety of
different potential
countermeasures
including exercise

Computer model
of the
cardiovascular
system integrated
with other systems

Develop and
validate
accurate model
of myocyte and
heart

eDevelop integrated
CV model ’
eDevelop integrated
model incorporating
other systems
sSimulate effects of
space flight and
potential CMs

Analyze data from
animal and human
tests of
countermeasures

DELP:Circulatory
Remodeling with
Simulated Microgravity

Orthostatic
hypotension
Cardiac
function
Exercise

Peripheral vascular
countermeasures

® Hindlimb
unloading (HU)
of rats

e Shuttle flight
(STS-107) of
rats

17

Measure effects
and mechansims
of HU and
shuttle flight on:
cerebral &
peripheral
vascular beds,
lymphatics,
cardiac mass

Evaluate data to
identify and then test
potential
countermeasures

Test countermeasures
in human studies
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Table 4.1. Project Research Activities (continued)

Pl/Project

Risk(s)
Addressed

Countermeasure
Target

Experimental
System

Phase 1
Activities:
Focused
Mechanistic
Research

Phase 2
Activities:
Preliminary
Countermeasure
Development
Research

Phase 3
Activities:
Mature
Countermeasure
Development
Research

LORELL’Cardiac
Unloading: Biologic
Mechanisms and
Countermeasures for
Cardiac Atrophy

¢ Cardiac
function

¢ Orthostatic
hypotension

e Pharmacological
countermeasures to:

reduce cardiac atrophy.,

suppress muscle
degradation, & restore
cardiac function

¢ ldentify molecular
targets to modify
cardiac muscle growth
and degradation

® Heterotopic
cardiac
transplantation
rodent model:
intact heart &
adult myocyte
oTransgenic
mouse models and
cultured myocytes

Study:

cardiac
remodeling,
myocyte
function, & role
of calcium,
hormones,
muscle
degradation,
genes, kinases

Test:

® [.ow dose growth
hormone

® Adrenergic agonist

Test countermeasures
in human studies

MARK ‘Computational
Models of the
Cardiovascular System
and its Response 1o
Microgravity and Disease

e Orthostatic
hypotension

e Cardiac
function

® Exercise

Simulation of effects
of wide variety of
different potential
countermeasures

Computer model
of the
cardiovascular
system

Develop and
validate
accurate model
of
cardiovascular
system

Simulate effects of
space flight and
potential
countermeasures

Analyze data from
animal and human
tests of
countermeasures

MCCULLOCH/Integrat
ed Modeling of Cardiac
Mechanical and
Electrical Function

¢ Orthostatic
hypotension

e Dysrhythmias

e Cardiac
function

e CV Disease

e Exercise

Simulation of effects
of wide variety of
different potential
countermeasures
including exercise

Three dimensional
finite element
model of the heart

Develop and
validate
accurate three
dimensional
finite element
model of the
heart

Simulate effects of
space flight and
potential
countermeasures

Analyze data from
animal and human
tests of
countermeasures

MECK ‘Mechanisms of
Post-Space Flight
Orthostatic Intolerance

Orthostatic
hypotension

Pharmacological
(Nitric oxide system,
Adrenergic system)

Pre and post flight
astronauts

~~ Yy

Study effect of
space flight on:
responses to
adrenergic
agents & nitric
oxide system

Propose and test
countermeasures in
ground based models

Test countermeasures
in human studies
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(sGC))

the CVsystem

Phase 2 Phase 3
Phase 1 . s R
Activities: Activities: Activities:
Risk(s) Countermeasure | Experimental Focused. Preliminary Mature
Pl/Project Addressed Target System . . Countermeasure | Countermeasure
Mechanistic
Development Development
Research
Research Research
MURAD/A soluble Orthostatic Pharmacological Tail-suspended Study effect of | Study effect of sGC genq Propose and test
guanyly] cyclase mouse hypotension (affecting soluble knockout mouse sGC gene disruption on pharmacologic
knock-out model guanylyl cyclase disruption on development of countermeasutes

orthostatic hypotension

Microgravity on the
Vestibulosympathetic
Reflex tn Humans

RAY Effect of Simulated

Orthostatic
hypotension

Countermeasures
affecting
vestibulosympathetic
reflex

Human bed rest
studies

Study effects of
vestibular
stimulation and
bed rest on
sympathetics

Propose and evaluate
feasibility of
countermeasures in
human studies

Test countermeasures
in human studies

SHOUKAS‘Mechanics
of Cardiovascular
Deconditioning

¢ Orthostatic
hypotension

e Cardiac
function

e Pharmacological
(Adrenergic agents)
o Pulsatile G-suit

e Hindlimb
unloading (HU) of
rats

o Shuttle flight
(STS-107) of rats

Measure effects
and mechansims
of HU and
shuttie flight on:
¢ vascular beds
e cardiac fcin

¢ [dentify and test
pharmacologic
countermeasures in
rodent mode!

¢ Develop pulsatile G-
suit

Test countermeasures
in human studies

THOMAS
Echocardiographic
Assessment of CV
Adaptation and
Countermeasures in
Microgravity

¢ Orthostatic
hy potension

o Cardiac
function

e CV disease

® [xercise

N/A

® Core lab
analysis of
ultrasound data
eDevelopment of
new ultrasound
techniques

Study effects of
interventions &
countermeasures
using ultrasound
techniques

Study effects of
interventions &
countermeasures using
ultrasound techniques

Study effects of
interventions &
countermeasures using
ultrasound techniques

WILLIAMS Influence
of Gender and Age on
Renatl and Cardio-
Endocrine Responses to
Simulated Microgravity

¢ Qrthostatic
Hypotension

® [Exercise

e Cardiac
Function

® Dysrhythmias

¢ Pharmacological
(Midodrine and
volume regulating
hormones)

® Diet (Electrolvtes)

® tead down tilt
bed rest Head
down tilt bed rest -
humans

® Sieep disruption
® Groups vary by
age and gender

Assess volume,
electrolyte,
hormonal
responses

eMidodrine
eSpironolactone
eDiet (Electrolytes)

eMidodrine
#Spironolactone
eDiet (Electrolytes)




Table 4.2. Integration Activities
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Bers

Cassone

Cohen

Coolahan

Internal
Communication

sAnimal studies group
sAll

oCV technology group
sAll

eAnimal studies group
oAll

eHuman studies group
oAll

*CV technology group
oAll

Integrated
Experiment
Development

eAnimal Studies
(Animal studies group)
eHuman and Computer
Studies (AlD

eComputer Studies (CV
technology group)
eHuman and Animal
Studies (A

eAnimal Studies
(Animal studies group)
eHuman and Computer
Studies (All)

eHuman Studies
(Human studies group)
eAnimal and Computer
Studies (All)

eComputer Studies (CV
technology group)
eHuman and Animal
Studies(All)

Sample Sharing

eTissue (Animal studies
group)
sData (A1)

sComputer Code (CV
technology group)
eData (All)

oTissue (Animal studies
group)
eData (Al

eBlood and Urine
(Human studies group)
eData (All)

sComputer Code (CV
technology group)
eData (All)

Synergistic
Studies of
Opportunity

eAnimal Studies
(Animal studies group)
eHuman and Computer
Studies (AlD

sComputer Studies (CV
technology group)
sHuman and Animal
Studies (A1

eAnimal Studies(
Animal studies group)
eHuman and Computer
Studies (All)

Human Studies (Humans
studies group)

Animal and Computer
Studies (All)

eComputer Studies (CV
technology group)
eHuman and Animal
Studies (All)

Development of
Computer Model of
Integrated Human
Function

oCV technology group

*CV technology group

*CV technology group

Human Studies Group = Cohen, Meck, Ray, Williams, and collaborators from other Teams
Animal Studies Group = Bayorh, Cassone, Delp, Lorell, Murad Shoukas, and collaborators from other Teams
CV Technology Group = Bers, Coolahan, Mark, McCulloch, Thomas, and collaborators from other Teams

Collaborators from other Teams include members of Human Performance, Neurobehavioral, Neurovestibular, Rehabilitation, Technology Development, and Smart Medical

Systems Teams

a4

o(CV technology group

*CYV technology group
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Table 4.2. Integration Activities (continued)

Delp

Lorell

Mark

McCulloch

Meck

Internal
Communication

eAnimal studies group
oAll

eAnimat studies group
oAll

*CV technology group
sAll

oCV technology group
eAll

sHuman studies group
oAl

Integrated
Experiment
Development

sAnimal Studies
{Animal studies group)
eHuman and Computer
Studies (All)

eAnimal Studies
(Animal studies group)
sHuman and Computer
Studies (All)

sComputer Studies (CV
technology group)
eHuman and Animal
Studies (All)

Computer Studies (CV
technology group)
eHuman and Animal
Studies(AlD

sHuman Studies
(Human studies group)
eAnimal and Computer
Studies (All)

oTissue (Animal studies

oTissue(Animal studies

sComputer Cod e(CV

oComputer Code (CV

eBlood and Urine

Sample Sharing group) group) technology group) technology group) (Human studies group)
eData(All) eData (All) eData (All) sData (All) sData (All)
sAnimal Studies eAnimal Studies eComputer Studies (CV | eComputer Studies (CV | Human Studies

Synergistic
Studies of
Opportunity

{Animal studies group)
el {uman and Computer
Studies (AlD)

{Animal studies group)
eHuman and Computer
Studies (All)

technology group)
eHuman and Animal
Studies(All)

technology group)
eHuman and Animal
Studies(All)

(Humans studies group)
Animal and Computer
Studies (AlD)

Development of
Computer Model of
Integrated Human
Function

oCV technology group

oCV technology group

*CV technology group

*CV technology group

oCV technology group

Human Studies Group = Cohen, Meck, Ray, Williams, and collaborators from other Teams
Animal Studies Group = Bayorh, Cassone, Delp, Lorell, Murad Shoukas, and collaborators from other Teams
CV Technology Group = Bers, Coolahan, Mark, McCulloch, Thomas, and collaborators from other Teams

Collaborators from other Teams include members of Human Performance, Neurobehavioral, Neurovestibular, Rehabilitation, Technology Development, and Smart Medical

Systems Teams

A1
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Table 42 Integration Activities (continued)

Murad

Ray

Shoukas

Thomas

Williams

eAnimal studies group

eHuman studies group

sAnimal studies group

oCV technology group

eHuman studies group

Internal oAll eAll eAll s All oAll
Communication

eAnimal Studies eHuman Studies eAnimal Studies eHuman and Animal eHuman Studies
Integrated (Animal studies group) (Human studies group) (Animal studies group) Studies( All) (Human studies group)
Experiment eHuman and Computer | Animal and Computer | eHuman and Computer | eComputer Studies (CV | eAnimal and Computer
Development Studies (All) Studies (All) Studies (Al) technology group) Studies (All)

Sample Sharing

eTissue (Animal studies
group)
eData (All)

eBlood and Urine
(Human studies group)
eData (AlD

o Tissue (Animal studies
group)
eData(All)

eData (All)
eComputer Code (CV
technology group)

eBlood and Urine
(Human studies group)
eData (All)

Synergistic
Studies of
Opportunity

eAnimal Studies
(Animal studies group)
eHuman and Computer
Studies (All)

Human Studies
(Humans studies group)
Animal and Computer
Studies (All)

sAnimal Studies Animal
studies group)

eHluman and Computer
Studies (All)

eHuman and Animal
Studies (All)
sComputer Studies (CV
technology group)

Human Studies
(Humans studies group)
Animal and Computer
Studies (All)

Development of
Computer Model of
Integrated Human
Function

oV technology group

oCV technology group

oV technology group

oCV technology group

oV technology group

Human Studies Group = Cohen, Meck, Ray, Williams, and collaborators from other Teams
Animal Studies Group = Bayorh, Cassone, Delp, Lorell, Murad Shoukas, and collaborators from other Teams
CV Technology Group = Bers, Coolahan, Mark, McCulloch, Thomas, and collaborators from other Teams

Collaborators from other Teams include members of Human Performance, Neurobehavioral, Neurovestibular, Rehabilitation, Technology Development, and Smart Medical

Systems Teams
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Table 4.3a. Achieving Goal 1: Reduce Risk of Impaired Cardiovascular Response to Orthostatic Stress

Countermeasure Development Phases Pre |2001]2002]20032004|2005| 2006|2007 | 2008 2009 2010|2011 2012

Phase 0: Observational & Phenomenological Research

e Obtain & analyze relevant data from prior and future flights

Phase 1: Focused Mechanistic Research

Study alterations in CV regulation using CV System Identification
Study effects of adrenergic agents (midodrine)

Assess volume, electrolvte and harmonal responses

Understand alterations in nitric oxide and prostacyclin systems \
Understand alterations in circadian physiology \
Develop accurate computer models of CV System |
Study effects of microgravity on blood vessels, lymphatics 1
Study effects of soluble guanyly! cyclase gene disruption |
Study effects of vestibular stimulation !
Develop and apply relevant ultrasound technology
Assess effects of sleep disruption |
Assess effects of gender and age |
Develop pulsatile G suit |
Assess effects of artificial gravity i

Phase 2: Preliminary Countermeasure Development Research 1{

e Evaluate adrenergic agents (midodrine)

e Evaluate pharmacologic alteration of nitric oxide and prostacyclin systems
e  Evaluate circadian intervention

e Use CV System Identification to evaluate countermeasures

e Utilize CV models to simulate effects of countermeasures

o  FEvaluate vascular and lymphatic interventions

e  FEvaluate soluble guanylyl cyclase intervention

o  Evaluate vestibular intervention

o  Utilize ultrasound technology to evaluate countermeasures

¢  Evaluate volume regulatory and electrolyte interventions

o Evaluate sleep control intervention
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Table 4.3a. Achieving Goal 1: Reduce Risk of Impaired Cardiovascular Response to Orthostatic Stress (continued)

Countermeasure Development Phases

Pre
2001

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012)

Phase 2: Preliminary Countermeasure Development Research

¢ Evaluate gender and age dependent interventions
» Evaluate exercise countermeasure
o Evaluate pulsatile G suit

¢  Evaluate artificial gravity countermeasures

Phase 3: Mature Countermeasure Development Research

s Test midodrine countermeasure in human groundbased studies

o Select and test most promising countermeasures and develop and test in human

ground studies

Phase 4: Countermeasure Evaluation & Validation

o Flight test midodrine countermeasure

e Flight test other countermeasures successful in Phase 3

Phase 5: Operational Implementation of Countermeasure Strategy

e Implement midodrine countermeasure

s Implement other countermeasures in Phase 4
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Table 4.3b. Achieving Goal 2: Reduce Risk of Serious Cardiac Dysrhythmias

Pre [2001]2002|2003 |2004|2005|2006(2007|2008/2009|20102011 2012 |

Countermeasure Development Phases
2001

Phase 0: Observational & Phenomenological Research

¢ Obtain & analyze ECG data from prior and future flights

Phase 1: Focused Mechanistic Research

e Microvolt T-wave alternans (MTWA) studies in patient populations

Measure effects of microgravity on MTWA

Measure effects of electrolyte alterations

Measure effects of alterations in volume regulatory hormones
Measure effects of age and gender

Develop animal model

e Develop computer models of cardiac electrical activity

Phase 2: Preliminary Countermeasure Development Research

e Measure MTWA in pre and postflight astronauts

e Test aldosterone antagonist as countermeasure in human studies
¢ Evaluate dietary countermeasures in human studies

e Evaluate pharmacologic countermeasures in animal studies

e Evaluate countermeasures developed for Goal | in human studies

Phase 3: Mature Countermeasure Development Research

e Select and test most promising countermeasures and develop and test in human
ﬁround studies

Phase 4: Countermeasure Evaluation & Validation

o Flight test countermeasures successful in Phase 3

Phase 5: Operational Implementation of Countermeasure Strategy

» Implement countermeasures successful in Phase 4
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Table 4.3c. Achieving Goal 3: Reduce Risk of Diminished Cardiac Function

Countermeasure Development Phases Pre |2001/2002|20032004|2005| 2006|2007 | 2008 2009| 2010|2011 2012
2001 |

Phase 0: Observational & Phenomenological Research

e Obtain & analyze relevant data from prior and future flights

Phase 1: Focused Mechanistic Research

s Develop myocyte and cardiac computer models T\
e Measure effects of microgravity on cardiac mass ;
e Measure effects of microgravity on myocyte function ;
e Measure effects of microgravity on cardiac remodeling ;
e Measure role of calcium, hormones, genes, muscle degradation ‘
¢ Develop ultrasound techniques to measure cardiac function |
Phase 2: Preliminary Countermeasure Development Research (

¢ Use computer models to simulate potential countermeasures \
¢  Evaluate growth hormone countermeasure

¢ Evaluate adrenergic countermeasure

o FEvaluate dictary and exercise countermeasures

e Evaluate other pharmacological countermeasures

e Evaluate countermeasures developed for Goal 1 in human studies

Phase 3: Mature Countermecasure Development Research

e  Select and test most promising countermeasures and develop and test in human
4r0und studies

Phase 4; Countermeasure Evaluation & Validation

¢ Flight test countermeasures successful in Phase 3

Phase 5: Operational Implementation of Countermeasure Strategy

o Implement countermeasures successful in Phase 4
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Chief, Division of Sleep Medicine
Brigham and Women'’s Hospital
221 Longwood Avenue, Room 438A
Boston, MA 02115
617-732-4013
617-732-4015 FAX
caczeislerf@hms.harvard.edu

5.1 INTRODUCTION

Sleep and circadian rhythm systems are fundamental regulatory processes of the nervous system
and the most ubiquitous endogenous controls of human biobehavioral functions-everyone -is
internally programmed to sleep every night. The need for sleep is a homeostatic drive that occurs
regardless of time of day, but the endogenous circadian pacemaker also modulates 1it.
Conversely, the endogenous circadian pacemaker oscillates regardless of the need for sleep,
although its promotion of wakefulness can be overwhelmed by elevated homeostatic sleep drive.
These two powerful neurobiological systems interact continuously to control brain state (1.e.,
waking vs. sleep) and the intensity of state (e.g.. alert vs. sleepy). Sleep and circadian
rhythmicity also temporally modulate a wide range of physiological functions (e.g.. body
temperature, cardiovascular activity, respiration. immune responses). hormonal functions (e.g..
growth hormone. melatonin, cortisol, thyroid hormones). behavioral functions (e.g., movement,
posture, reaction time), and cognitive functions (e.g., fatigue. alertness, vigilance. memory.
cognitive throughput). No astronaut-no matter how much training. preparation. nutrition,
psychosocial support. or environmental protection is provided-is immune from the daily control
of physiology and performance by the homeostatic drive for sleep and the endogenous circadian
timing system. Failure to take these two interactive neurobiological imperatives into account
when planning human activities in space could have catastrophic consequences.

The success of human space missions therefore depends on each astronaut remaining alert and
vigilant while operating sophisticated equipment and following complex procedures. During
exploration class space missions, the space environment affects a number of physiological
systems critically involved in human performance. and it is vital to mission success to understand
the biological limits of human performance under such conditions. It has been demonstrated that
both acute gravitational changes and space flight disrupt circadian rhythms and reduce sleep.
Since circadian disruption and sleep loss result in both physiological and performance deficits,
this team is focused on these issues and. in particular. is concerned with the following aspects of
the space environment: microgravity, altered light-dark cycles and altered or reduced sleep/rest
opportunities that may involve extended durations of wakefulness. The primary thrust of this
team's research program involves altered circadian organization. sleep disruption and cumulative
sleep loss. and the associated neurobehavioral decrements occurring

during exploration class missions.

The need for sleep and the circadian pacemaker have a sustained influence over many biomedical

systems essential for maintaining astronaut physical condition. mental health. and performance
capability. Dysfunction of sleep and circadian systems can adversely affect an organism’s ability
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to respond to environmental challenges and has been linked to physiological and psychological
disorders. This area therefore has a high degree of relevance to a number of cardiovascular and
immune changes, neurovestibular alterations and nutritional needs, and behavioral and
psychological health in space flight.

5.2  RISKS

The following risks in the Human Behavior and Performance Discipline Area of the Critical Path
Roadmap have been identified:
e Human Performance Failure Because of Sleep and Circadian Rhythm Problems (19)
e Human Performance Failure Because Of Human System Interface Problems and
Ineffective Habitat, Equipment, Design, Workload, or In-flight Information and Training
Systems

Risk number 19 includes both neurobehavioral performance failure as well as physiological
performance failure due to sleep or circadian rhythm disturbances and is a very complex risk.
For our research purposes, therefore, we have broken this risk down further into:
e Risk of Human Neurobehavioral or Physiological Performance Failure Due to Disruption
of Circadian Phase, Amplitude. Period, or Entrainment During Space Exploration.
e Risk of Human Neurobehavioral or Physiological Performance Failure Due to Acute or
Chronic Degradation of Sleep Quality or Quantity During Space Exploration

53 GOALS

The Human Performance Factors. Sleep and Chronobiology Team has the following goals for its
program:

Risk-Based Goals

Goal 1: Reduce the risk of human neurobehavioral or physiological performance failure due to
disruption of circadian phase. amplitude. period. or entrainment during space
exploration.

Goal 2: Reduce the risk of human neurobehavioral or physiological performance failure due to
acute or chronic degradation of sleep quality or quantity during space exploration.

Goal 3: Reduce the risk of human neurobehavioral or physiological performance failure due to
habitat design. equipment design or workload distribution during space exploration.

Non Risk-Based Goals

Goal 4: Develop new methods for monitoring the status of sleep. sleep homeostasis. circadian
rhythmicity and neurobehavioral performance during space flight.

Goal 5: Develop new methods for monitoring ambient and retinal light exposure
(illuminance/photopic lux, broadband visible irradiance. and circadian effective
illuminance/circadian lux) on board space shuttle and ISS during space flight and on
planetary habitats.
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Goal 6: Develop Earth-based applications of technologies for non-invasively monitoring the
status of sleep, sleep homeostasis, circadian rhythmicity and neurobehavioral
performance for industrial and medical use.

Goal 7: Develop Earth-based applications of high-fidelity mathematical models of performance
based on circadian organization and sleep-wake history for industrial and medical use.

Goal 8: Develop Earth-based applications of technologies developed to reduce the risk of
human neurobehavioral or physiological performance failure due to disruption of
circadian phase amplitude, period or entrainment.

Goal 9: Develop Earth-based applications of technologies developed to reduce the risk of
human neurobehavioral or physiological performance failure due to acute and chronic
degradation of sleep quality or quantity.

Goal 10: Develop Earth-based applications of technologies developed to reduce the risk of
neurobehavioral or physiological performance failure due lo extended duration work
schedules (e.g.. on-call schedules used in medical training. nuclear power plant
shutdowns, military operations) or night shiff work.

Goal 11: Integrate research and analysis

54 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

Current Research Program

The Human Performance Factors. Sleep and Chronobiology Team is focused on developing
countermeasures for the sleep loss and circadian dysfunction and associated neurobehavioral
performance decrements that occur during long-duration space flight.  The team research
objectives are driven by the Critical Path Roadmap related to Human Performance Failure
because of Sleep and Circadian Rhythm Problems. The current research program involves nine
ground-based research projects. The strategy of the Human Performance Factors. Sleep and
Chronobiology Team is to develop a synergistic interaction between research projects at the
molecular, cellular, organism. and human levels. and to integrate predictive biomathematical
modeling of the sleep and circadian systems. :

In 2001. the HPFSC Team was substantially restructured. The current team is comprised of nine
Pls. six of whom are new NSBRI investigators. Three of these six new NSBRI investigators are
new to the space science community, a direct result of the recruitment efforts made within the
science community. In order to achieve the goals listed above. the Human Performance Factors.
Sleep and Chronobiology Team has identified the following six interrelated themes within this
research area:

A. Effects of long-duration space flight on sleep and/or circadian rhythmicity. The
focus of this theme is to identify and understand the mechanism underlying the effect of
long-duration space flight (microgravity. altered light intensity. loss of geophysical cues.
isolation. altered physical activity. etc.) on neurobiologic. endocrinological. and
behavioral functions (molecular, cellular and organismic) that control sleep and circadian
systems.
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B. Effects of sleep loss and/or circadian dysfunction on physical and neurobehavioral
performance. The focus of this theme is to identify and to understand the mechanisms
underlying the acute and chronic adverse effects that sleep loss, sleep disruption, and/or
circadian dysfunction have on critical physiologic and performance parameters during
long-duration space flight (e.g., neurophysiologic function, physiological alertness,
vigilance, cognitive performance, mood/morale, problem solving and communication).

C. Predictive modeling of performance based upon circadian organization and sleep
homeostasis. This theme is concerned with the development of analytical or phenome-
nological mathematical models that predict individual human performance capability by
involving multiple subsystems (e.g., circadian rhythmicity, sleep homeostasis. work-rest
schedules, etc.) as an integrated unit across levels of organization, and by estimating the
impact of countermeasure use designed to optimize human physical and/or
neurobehavioral performance.

D. Countermeasures to optimize sleep and facilitate circadian adaptation in space and
maintain optimal neurobehavioral performance. The research program of this team
will not only define the impact of the space environment on sleep and circadian
rhythmicity and the effects of the sleep loss and circadian dysfunction on performance but
also will develop methods to counter the adverse physiological and behavioral events.
These countermeasures may include behavioral. pharmacological. environmental light or
other adaptive approaches to maintain function and performance under the adverse
conditions of long-duration space flight.

E. Monitoring and assessment during space flight. This theme deals with the develop-
ment of methods for monitoring the status of sleep, sleep homeostasis and circadian
organization, as well as technologies that monitor ambient lighting conditions on space
shuttle and ISS and assess and update the current functional status or performance
capability of the individual

The initial strategic research program for the Human Performance Factors. Sleep and
Chronobiology Team addresses the five research themes described above and is focused on
developing countermeasures for the sleep loss and circadian dysfunction and associated
neurobehavioral and physiological performance decrements that occur during long-duration
space flight. The schematic of the circadian and homeostatic regulation of sleep and alertness
and physiological functions shown in Diagram 5.1 illustrates the relationships between the nine
current ground-based experiments that comprise the Team. with the principal targets of each
project indicated. This diagram illustrates the interrelated nature of the projects. designed to fill
critical gaps in knowledge that need to be filled in order to develop effective countermeasures for
long-duration space flight. Each of the individual projects is summarized below and in Table
5.1, including which goal(s) are addressed and countermeasure targets.

Brainard et al.: Optimizing Light Spectrum for Long Duration Space Flight

The physiological changes caused by disturbed circadian rhythms and altered sleep-wake patterns

can result in decrements in alertness, concentration. and performance. This project addresses

these risk factors. which threaten the safety of personnel and the objectives of space missions as

stated in Goal 3.

Countermeasure targets include:

1. Identification of the optimum spectrum for photic resetting o f the circadian pacemaker:

2. Design specifications for space suit visors and the windows used in space vehicles and
habitats; and

. Engineering parameters for the ideal spectral distribution for illumination of general living
quarters during space exploration.
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Czeisler et al.: Circadian Entrainment, Sleep-Wake Regulation & Performance during Space
Flight

The intent of this project is to develop countermeasures to facilitate adaptation of the human
circadian pacemaker to the 24.65-h day length of Mars, which is outside the range of entrainment
of the human circadian pacemaker given the weak synchronizing stimuli within the Martian
habitat. This project applies to Goal 3.

The primary countermeasure target is to evaluate the efficacy of intermittent bright light pulses
as a treatment to reduce the risk of the misalignment of circadian phase, sleep disruption,
associated decrements in neurobehavioral performance and reduction in nocturnal growth
hormone secretion experienced by individuals exposed to the 24.65h Martian day.

Dinges et al.: Countermeasures to Neurobehavioral Deficits From Partial Sleep Loss

Using a response surface experimental paradigm (RSM), this project seeks to reduce
neurobehavioral deficits and fatigue due to inadequate sleep in astronauts by investigating how
variations in sleep duration and its circadian placement relate to the return of performance per
time invested in sleep. This project applies to Goal 2.

Countermeasure targets include determination of the amount of naptime necessary to
compensate for interrupted nocturnal sleep periods for the prevention of cumulative sleepiness
and performance deficits.

Fuller et al.: Primate Circadian Rhythms in the Martian Environment

This project is focused on the ability of the circadian time system to synchronize to the Martian
photic (spectrum and period) by examining the effects of 1.0. 1.5 and 2.0G on the period of the
circadian pacemaker. A G vs. period model will be developed to predict the effect of the 0.38 G
Martian environment on the period of the circadian pacemaker. Long-term (4 months)
physiological and behavioral responses will be examined.

Countermeasure targets include the use of timed bright light pulses on circadian entrainment.
This program will develop a primate model to evaluate physiological and behavioral
consequences of long-term exposure of males and females to altered lighting and gravitational
environments. This project applies to Goals 1 and 3.

Jewett et al.: Mathematical Model for Scheduled Light Exposure: Circadian/Performance
Countermeasure

The intent of this project is to further develop and refine our mathematical dynamic stimulus
processing model so that it can accurately predict the phase and amplitude of the human
circadian system under any lighting system especially those which are in space. The
mathematical Neurobehavioral Performance model validated against performance data collected
will result in the development of a user-friendly Performance Simulation Software program.
This project applies to Goals 1 through 4.

Countermeasure targets include the design of shift schedules to allow astronauts to receive
available bright light at appropriate times for proper circadian alignment with their sleep/wake
schedules.



Menaker et al.: 4 Model of Circadian Disruption in the Space Environment

This project proposes to evaluate the effects of “constant” conditions and shift work schedules on
the maintenance of circadian rhythmicity when the central and peripheral structures are
abnormally phased. The resulting abnormal circadian organization is “dysphasia.” This project
applies to Goal 1.

Countermeasure targets include an evaluation of meal timing, melatonin administration, forced
exercise, and short pulses of complete darkness as a treatment to reduce the risk of circadian
dysphasia.

Morin et al.: Circadian and Vestibular Relationships

This project seeks to determine the route by which a correlate of the non-photic stimulus, i.c..
locomotion, might gain access to the circadian rhythm system and shift rhythm phase. It has also
opened the possibility that the vestibular system is a specific route by which sensory information
related to head movement might gain access to the circadian system. This project applies to Goal
1.

Countermeasure targets include an evaluation of a non-locomotor, non-photic three-dimensional
motion stimulus to activate functionally the vestibular and circadian systems, laying the
groundwork for the future development of novel approaches for the treatment of space motion
sickness and for resetting circadian phase.

Tosini et al.: Long-Term Exposure to Dim Light Desynchronizes the Circadian System of Rats
The goal of this project is to understand the mechanisms responsible for the desynchronization of
circadian rhythm in locomotion and the enzymes responsible for the production of melatonin.
Investigating the effect that internal desynchronization has on the immune response and motor
and cognitive performances. This project applies to Goal 2.

Countermeasure targets include an evaluation of the use of melatonin as a pharmacological
agent to counteract desynchronization of the circadian rhythms.

Turek et al.: Animal Model for Sleep Loss and Circadian Disruption

This project will focus on determining the effects of 12 hours of imposed wakefulness on
circadian rhythms, sleep-wake cycles. neurobehavioral and motor performance measures during
normal active and inactive periods. This project applies to Goals 1 and 3.

Countermeasure targets include treatment exercise and with either physiological or
pharmacological dose of melatonin reduce the effects of circadian disruption and sleep loss as
well as alleviate the adverse effects associated with work at different times of day.

Achieving Non Risk-Based Goals

Goal 4: Develop new methods for monitoring the status of sleep. sleep homeostasis. circadian
rhvihmicity and neurobehavioral performance during space flight.

To achieve this goal, current studies are being conducted to assess the potential of using the
Actiwatch-L (a wrist-worn light and actigraphy recording device already approved for space
flight) to monitor sleep and light exposure of individual crewmembers while in space. This
device could replace more extensive polysomnography devices used in more recent studies of
sleep in space. Studies are also underway that compare the wrist-level Actiwatch-L light
recordings with eye-level light measurements. Work is progressing on the use of the Actiwatch-



L measurements as inputs to a mathematical model that can then predict the level of sleep
homeostasis, phase of circadian rhythmicity and relative neurobehavioral performance levels.

Goal 5: Develop new methods for monitoring ambient and retinal light exposure (illuminance/
photopic lux, broadband visible irradiance, and circadian effective illuminance/circadian lux) on
board space shuttle and ISS during space flight and on planetary habitats.

For measurement of retinal light exposure in space, please see Goal 4 above. For ambient light
exposure, wall-mounted ambient light recording devices have been tested aboard the Space
Shuttle in the Neurolab flight. The team’s current studies will help determine the circadian
effective illuminance and irradiance levels, and then these recording devices can be refined to
measure circadian-activating light levels more precisely.

Goal 6: Develop Earth-based applications of technologies for non-invasively monitoring the
status of sleep, sleep homeostasis, circadian rhythmicity and neurobehavioral performance for
industrial and medical use.

The polysomnography device that was developed for the recording of sleep in space in the
Neurolabb Shuttle flight has become a useful, wire-free device for recording polysomnography in
lab-based and home-based basic science and clinical studies. This technology has the advantage
of being appropriate for use when ambulatory and is straightforward enough for a trained person
to apply to themselves.

The use of salivary melatonin as a marker of circadian phase has been applied in both space and
on Earth and is a technology that allows the validation of experimental and modeling results in
field studies in which plasma melatonin measurements would not be possible.

Mathematical models that are developed to predict neurobehavioral performance in space are
also being used to determine appropriate shift scheduling. light exposure. sleep timing, and
countermeasure applications for shift workers. pilots, military and medical personnel. and
transportation workers who also face the challenges of restricted sleep and circadian
misalignment here on Earth. Neurobehavioral test batteries that are developed for these projects
are useful for the validation of mathematical models in ficld and laboratory studies as well.

Goal 7: Develop Earth-based applications of high-fidelity mathematical models of performance
based on circadian organization and sleep-wake history for industrial and medical use.

The mathematical models of performance that are being developed in this project can be applied
to any Earth-based situation in which it would be helpful to know the effects of a sleep/wake
schedule and a light exposure pattern on resulting neurobehavioral performance (e.g.. shift
workers. pilots. military and medical personnel. and transportation workers). Therefore. the
mathematical models developed here have been programmed into user-friendly simulation
software that can be used by anyone to predict neurobehavioral performance given light exposure
levels and sleep/wake history. This software is updated with model revisions and user-interface
improvements on a regular basis.

Goal 8: Develop Earth-based applications of technologics developed 1o reduce the risk of
human neurobehavioral or physiological performance failure due to disruption of circadian
phase amplitude, period or entrainment.

The studies conducted here improve our understanding of the effects of light on the human
circadian system and the role that the circadian system plays in neurobehavioral performance.
These findings are incorporated into our mathematical models on an ongoing basis. This allows
us to then determine the best light schedule and intensities to reduce the risk of performance



failure by appropriately aligning the circadian system with the work/rest schedule. This
technology is already currently in use in transportation, military and industrial settings here on
Earth.

Goal 9: Develop Earth-based application so technologies developed 1o reduce the risk of human
neurobehavioral or physiological performance failure due to acute a chronic degradation of
sleep quality or quantity.

Our projects will help determine the amount and timing of sleep that best allows people to work
extended and/or misaligned shifts with the least risk of performance failure. These findings will
also be incorporated into the mathematical model being developed here. The model can then be
used to help schedule rest/nap/sleep times so that they are the most effective in improving
performance levels.

Goal 10: Develop Earth-based applications fo technologies developed to reduce the risk of
neurobehavioral or physiological performance failure due to extended duration work schedules
(e.g., on-call schedules used in medical training, nuclear power plant shutdowns, military
operations) or night shift work.

Studies investigating the effects of extended duration work schedules in these projects allow us
to determine the best timing of countermeasures (light exposure. naps. melatonin, etc.) to
improve performance. These findings are completely applicable to any extended duration work
schedules used here on Earth.

Goal 11: Integrate research and analysis

Our goal is to integrate research within the Human Performance Factors. Sleep and
Chronobiology Team, with other teams. and with work being done by Team investigators not
directly supported by NSBRI. See a summary of our activities in Table 5.2.

Program Gaps
The Human Performance Factors. Sleep and Chronobiology Team has nine ground-based

projects currently funded until 2003 or 2004. The External Advisory Council of the NSBRI rated
the current research program of the Human Performance Factors. Sleep and Chronobiology Team
as “excellent” in its initial evaluation in September 2000. and recommended that additional
funding be set aside in the next research announcement “in order to solicit proposals in those
areas identified as gaps in the current team™. Therefore. in addition to the progress toward
countermeasure development anticipated from the currently funded research projects. it is
anticipated that the following four research questions will be addressed in the remaining years of
the 5-year strategic plan.

Physical effects. Proposal are sought to determine how space flight or exposure to chronic sleep
restriction and/or circadian disruption affect sleep- and/or circadian-mediated neuroendocrine,
metabolic. neurologic or autonomic functions, particularly thosc relevant to risk mitigation (c.g..
growth factors. nutrition. glucocorticoids. monoamines) during extended duration missions.

Monitoring the status of sleep, sleep homeostasis, circadian rhythmicity and/or
neurobehavioral performance during space flight. Proposals are sought to validate
methodologies that are portable and non-intrusive in the space flight environment to assess sleep
and/or circadian rhythms and monitor light on space shuttle. ISS and other long duration space
environments.



Novel countermeasure development. Proposal are sought to determine how recent advances in
the neurobiology of sleep and/or circadian rhythms (orexin/hypocretin system, circadian
photoreception, output pathways for regulation of sleep or circadian rhythms) can be used to
develop countermeasures to facilitate adaptation to and thereby maintain optimal
neurobehavioral performance during an exploration class space mission.

Age, gender and inter-individual differences. Proposals are sought to determine how age.
gender and individual biological and behavioral characteristics alter sleep- and/or circadian-
mediated physiologic responses to, and risk mitigation for, prolonged space flight.
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Diagram 5.1. Description of Current (2001) Program for Human Performance Factors, Sleep and

Chronobiology. This diagram illustrates the relationships between the different physiological systems investigated by the different
projects on the team. Iilustrated is the influence of the retinal light exposure on the human circadian clock (circle with the oscillator
symbol ~) and the influence on the sleep-wake state (S/W), and their effect on a number of physiological variables (melatonin,
temperature. etc.). A combined influence of the circadian clock and sleep-wake is exerted on neurobehavioral variables (sleep-wake
propensity. alertness. etc.). The sleep-wake state influence is illustrated via the intermediary of the sleep homeostat (SH), and sleep
inertia (SI). The global influence of factors associated to Space Flight (micro gravity, isolation, etc.) on the sleep and circadian
systems is also represented. The interaction of the Vestibular Nucleus (VN) and its output pathways with the circadian pacemaker is

being investigated by one project.
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55 OBJECTIVES AND STRATEGIC ACTIVITIES

The object

ives underlying each goal are presented below along with strategic activities

that will be used to achieve the goals and objectives. Table 5.3 provides a timeline for
the completion of these activities.

Risk-Based Goals

Goal 1: Reduce the risk of human performance failure due to disruption of circadian

phase, amplitude, period, or entrainment.

Objective 1A: Assess risk and target level of acceptable risk

Complete projects that characterize and quantify neurobehavioral performance
decrements associated with circadian misalignment (Czeisler, Dinges, Jewett
projects)

Complete projects that quantify the impact of chronic circadian disruption on
recovery sleep, circadian adjustment and/or neurobehavioral performance
(Turek. Menaker and Tosini projects)

Objective 1B: Determine mechanisms

Complete projects that investigate the effect of circadian misalignment on
sleep. neurobehavioral performance and neuroendocrine function in humans
(Dinges project)

Complete projects that fit stochastic and deterministic models to low-
amplitude human temperature data to select lower- vs. higher-order models of
human circadian amplitude recovery (Jewett project)

Complete projects that determine the performance levels of desynchronized
animals how desynchronized organisms respond to infections (Tosini project)
Complete projects that validate refined circadian amplitude recovery dynamics
of human light model (Jewett project)

Complete projects that investigate the relationship between the degree of
circadian disruption and the resulting impairment 10 neurobehavioral
performance in mice (Turek project)

Obijective 1C: Develop countermeasures

Complete projects that test commercially available head-mounted light
devices for circadian efficacy (Jewett. Brainard. Czeisler projects)

Complete projects that test if bright light pulses facilitate entrainment to
Martian day (Fuller project)

Complete projects that determine the efficacy of intermittent bright light
pulses on circadian entrainment to non-24-hour work-rest schedules. as
required on Mars (Czeisler project)

Complete projects that determine the efficacy of intermittent bright light
pulses of different intensities and/or wavelengths on circadian entrainment to
non-24-hour work-rest schedules (Czeisler project)

Complete projects that test pharmacological countermeasures (melatonin) to
reduce the risk of internal desynchronization (Tosini project)

Complete projects that apply knowledge gained with animal model to humans
using measures of cognitive performance and physiological well-being to
assess effectiveness (Menaker project)

Complete projects that incorporate refined light model into circadian
component of  neurobehavioral performance model and  predict
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Goal 2:

neurobehavioral performance in human phase shifting experiments (Jewett
project)

Complete projects that test neurobehavioral model predictions against
circadian and performance data collected under field conditions (Jewett
project)

Complete projects that test if the administration of exogenous melatonin at
either physiological or pharmacological levels at the beginning of the period
of imposed wakefulness attenuates the impact of chronic circadian disruption
on performance and recovery sleep in mice (Turek project)

Complete projects that test if access to a wheel during rest periods (exercise)
reduces the impact of chronic circadian disruption on performance and
recovery sleep in mice (Turek project)

Complete projects that determine what duration of exercise optimally reduces
the impact of chronic circadian disruption on performance and recovery sleep
in mice (Turek project)

Complete projects that test pharmacological wake-promoting counter-
measures (caffeine, modafinil) to reduce the risk of neurobehavioral
performance failure due to circadian disruption (Czeisler allied projects)
Initiate project that integrates into biomathematical model the impact of wake-
and sleep-promoting therapeutics (pharmacological or behavioral) on
neurobehavioral performance in the presence of circadian misalignment
Initiate projects that ground test the efficacy of pharmacological (e.g.. caffeine.
modafinil) or behavioral (e.g.. exercise) wake-promoting countermeasures to
mitigate the adverse effects of chronic circadian disruption in humans

Initiate projects that ground test the efficacy of pharmacological (e.g..
melatonin). nutritional. environmental (e.g.. light or dark pulses) or behavioral
(e.g.. exercise) circadian countermeasures designed to maintain internal
synchrony of circadian oscillators in diverse organ systems in humans

Initiate project to conduct in-flight clinical trial of pharmacological sleep-
promoting countermcasures to mitigate the adverse effects of circadian
disruption and microgravity on sleep

Initiate project to conduct in-flight clinical trial of pharmacological wake-
promoting countermeasures (o mitigate the adverse effects of chronic
circadian disruption

Initiate project to conduct projects that implement a biomathematical model-
based system in which countermeasures are deployed only when needed to
reduce the risk of human neurobehavioral or physiological performance failure
due to circadian misalignment

Reduce the risk of human neurobehavioral or physiological performance
failure due to acute or chronic degradation of sleep quality and quantity.

Obijective 2A: Assess risk and target level of acceptable risk
« Complete projects to characterize and quantify neurobehavioral performance

decrements associated with sleep restriction and disruption (Czeisler. Dinges.
Jewett projects)
Complete projects that quantify the impact of chronic sleep
restriction/disruption on recovery sleep and circadian adjustment (Turek.
Dinges projects)

Objective 2B: Determine mechanisms



Complete projects that determine the nature of neurobehavioral and
physiological changes induced by chronic sleep restriction at different
circadian phases (Dinges project)

Complete projects that test the impact of split sleep-wake schedules on
chronic sleep deficits at different circadian phases (Dinges project)

Complete projects that investigate the relationship between the degree of sleep
disruption and the resulting impairment to neurobehavioral performance in
mice (Turek project)

Objective 2C: Develop countermeasures

Complete projects that develop and test candidate sleep-wake schedules to
minimize chronic neurobehavioral and physiological deficits at all circadian
phases (Dinges Project)

Complete projects that test optimal sleep-wake schedules to minimize chronic
neurobehavioral and physiological deficits at all circadian phases (Dinges
project)

Complete projects that test neurobehavioral model predictions against
circadian and performance data collected under field conditions (Jewett
project)

Complete projects that test if the administration of exogenous melatonin at
either physiological or pharmacological levels at the beginning of the period
of imposed wakefulness attenuates the impact of chronic sleep restriction/
disruption on performance and recovery sleep in mice (Turek project)
Complete project that tests if access to a wheel during rest periods (exercise)
reduces the impact of chronic sleep restriction/disruption on performance and
recovery sleep in mice (Turek project)

Complete project that determines what duration of exercise optimally reduces
the impact of chronic sleep restriction/disruption on performance and recovery
sleep in mice (Turek project)

Complete projects that test pharmacological wake-promoting counter-
measures (caffeine, modafinil) to reduce the risk of neurobehavioral
performance failure due to sleep loss (Czeisler allied projects)

Complete projects that ground test the efficacy of pharmacological sleep-
promoting countermeasures to mitigate the adverse effects of microgravity on
sleep in humans

Initiate projects that integrate into biomathematical models the impact of
wake- and sleep-promoting therapeutics (pharmacological or behavioral) on
neurobehavioral performance in the presence of sleep restriction/disruption
Initiate project to ground test the efficacy of pharmacological (e.g.. caffeine.
modafinil) or behavioral (e.g.. exercise) wake-promoting countermeasures to
mitigate the adverse effects of chronic sleep restriction in humans

Initiate project to conduct in-flight clinical trial of pharmacological sleep-
promoting countermeasures to mitigate the adverse effects of microgravity on
sleep

Initiate project to conduct in-flight clinical trial of pharmacological wake-
promoting countermeasures to mitigate the adverse effects of chronic sleep
restriction

Initiate project that implements a biomathematical model-based system in
which countermeasures are deployed only when needed to reduce the risk of
human neurobehavioral or physiological performance failure due to sleep loss
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Goal 3: Reduce the risk of human neurobehavioral or physiological performance failure

due to habitat design, equipment design or workload distribution

Objective 3A: Assess risk and target level of acceptable risk

Complete projects that describe disrupting effects of shifting schedules of
light, food availability and exercise on phase relationships among circadian
oscillators in brain and peripheral organs (Menaker project)

Complete projects that characterize the effect of long-term exposure to
constant conditions on the circadian system (Tosini project)

Characterize and quantify the presumptive vestibular-circadian system
anatomical connection (Morin project)

Complete projects that determine how desynchronized organisms respond to
infections (Tosini project)

Initiate project to develop lighting monitoring system for inside of space
shuttle and ISS

Initiate projects that identify the effect of an altered circadian environment on
the well being of the organisms

Objective 3B: Determine mechanisms

Complete projects that develop human melatonin fluence-response curves
below 440 nm and above 600 nm (Brainard project)

Complete projects that quantify role of pupil dilation in circadian photic
transduction in humans and that develop melatonin action spectrum in humans
with freely reactive pupils (Brainard project)

Complete projects that determine how desynchronized organisms respond to
infections(Tosini project)

Complete projects that describe disrupting effects of constant light on phase
relationships among circadian oscillators in brain and peripheral organs
(Menaker project)

Complete projects that describe disrupting effects of shifting schedules of
light, food availability and exercise on phase relationships among circadian
oscillators in brain and peripheral organs (Mcnaker project)

Complete projects that test entrainment to Martian day-length and both
ambient and habitat lighting (Czeisler project)

Complete projects that identify promising pharmacological countermeasures
to reduce the risk of desynchronization (Menaker. Tosini, Turek projects)
Complete project that determines effect of altered gravity on circadian period
in primates (Fuller project)

Complete projects that test human melatonin responsc to simulated ISS. EVA
and lunar light environments (Brainard and Czeisler projects)

Complete projects that determine functional activation of the vestibular and
circadian systems by an optokinectic nystagmus stimulus (Morin project)

Obijective 3C: Develop countermeasures

Complete projects that determine the functional activation of the vestibular
and circadian systems by a non-locomotor. non-photic. vestibular activating
stimulus (Morin project)

Complete projects that test human circadian phasc-shifting with selected
monochromatic wavelengths (Brainard project)

Complete projects that ameliorate disruptive effects of constant light and
shifting schedules using pulses of bright light. darkness. melatonin and
applying regularized feeding and work schedules (Menaker project)
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Initiate projects that develop and ground test light sources that optimally
stimulate human circadian responses and light sources that specifically do not
stimulate human circadian responses

Initiate projects that develop and ground test window and visor prototypes for
optimal human circadian stimulation and prototypes that minimize human
circadian responses

Initiate projects that integrate current ISS and shuttle lighting with new light
sources and window systems

Non Risk-Based Goals

Goal 4: Develop new methods for monitoring the status of sleep, sleep homeostasis,

circadian rhythmicity and neurobehavioral performance during space flight.

Complete projects that assess the potential of using the Actiwatch-L (a wrist-
worn light and actigraphy recording device already approved for space flight)
to monitor sleep and light exposure of individual crew members while in -
space

Complete projects that compare the wrist-level Actiwatch-L light recordings
with eye-level light measurements

Complete projects that use of the Actiwatch-L. measurements as inputs to a
mathematical model that can then predict the level of sleep homeostasis. phase
of circadian rhythmicity and relative neurobehavioral performance levels
Initiate projects that develop non-invasive electroencephalographic,
electrooculographic and/or electromyographic monitoring techniques for
recording the timing of the sleep-wake cycle during space flight

Initiate projects that develop and evaluate new methods for monitoring sleep-
wake fitness for duty during space flight

Initiate projects that develop and evaluate new methods to monitor
neurobehavioral performance during space flight without interfering with the
operational demands of space flight

Initiate projects that develop and evaluate new non-invasive methods for
assessing circadian phase during space flight

Initiate projects that develop and evaluate new non-invasive methods for
assessing homeostatic sleep need during space flight

Goal 5: Develop new methods for monitoring ambient and retinal light exposure

(illuminance/photopic lux, broadband visible irradiance, and circadian effective
illuminance/circadian lux) on board space shuttle and ISS during space flight
and on planetary habitats.

Complete projects that analyze the data from the wall-mounted ambient light
recording devices that have been tested aboard the Space Shuttle in the
Neurolab flight

Complete projects that determine the circadian effective illuminance and
irradiance levels

[nitiate projects that refine these recording devices to measure circadian-
activating light levels more precisely on board space shuttle and 1SS during
space flight and on planetary habitats
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Goal 6: Develop Earth-based applications of technologies for non-invasively monitoring

Goal 7:

the status of sleep, sleep homeostasis, circadian rhythmicity and neuro-
behavioral performance for industrial and medical use.

Complete projects that develop neurobehavioral test for the validation of
mathematical models in field and laboratory studies as well.

Initiate projects that improve the polysomnography device that was developed
for the recording of sleep in space in the Neurolab Shuttle flight

Initiate projects that refine and develop current and new markers of circadian
phase to be applied on Earth

Initiate projects that develop non-invasive electroencephalographic,
electrooculographic and/or electromyographic monitoring techniques for
recording the timing of the sleep-wake cycle for industrial and medical use
Initiate projects that develop and evaluate new methods for monitoring sleep-
wake fitness for duty for industrial and medical use

Initiate projects that develop and evaluate new methods to monitor
neurobehavioral performance for industrial and medical use

Initiate projects that develop and evaluate new non-invasive methods for
assessing homeostatic sleep need for industrial and medical use

Develop Earth-based applications of high-fidelity mathematical models of

performance based on circadian organization and sleep-wake history for
industrial and medical use.

Complete projects that refine mathematical models to predict neurobehavioral
performance in space

Complete projects that refine mathematical models to determine appropriate
shift scheduling. light exposure. sleep timing. and countermeasure
applications for shift workers. pilots. military and medical personnel. and
transportation workers

Complete projects that develop a user-friendly simulation software that can be
used by anyone to predict neurobehavioral performance given light exposure
levels and sleep/wake history

Initiate projects that incorporate high-fidelity mathematical models of
performance based on circadian organization and sleep-wake history into
personal monitoring and display devices for industrial and medical use.

Goal 8: Develop Earth-based applications of technologies developed to reduce the risk

of human neurobehavioral or physiological performance failure due to
disruption of circadian phase amplitude, period or entrainment.

« Complete projects to improve our understanding of the effects of light on the

human circadian system. and the role that the circadian system plays in
neurobehavioral performance.

Complete projects that incorporate our findings into mathematical models to
determine the best light schedule and intensities to reduce the risk of
performance failure by appropriately aligning the circadian system with the
work/rest schedule

Initiate projects that produce technologies for medical and industrial use
designed to reduce the risk of human neurobehavioral or physiological
performance failure due to disruption of circadian phase amphitude. period or
entrainment



Goal 9: Develop Earth-based applications of technologies developed to reduce the risk
of human neurobehavioral or physiological performance failure due to acute a
chronic degradation of sleep quality or quantity.

. Complete projects to determine the amount and timing of sleep that best
allows people to work extended and/or misaligned shifts with the least risk of
performance failure

« Complete projects that incorporate our findings into the mathematical model
to help schedule rest/nap/sleep times so that they are the most effective in
improving performance levels

« Initiate projects that produce technologies for medical and industrial use
designed to reduce the risk of human neurobehavioral or physiological
performance failure due to acute chronic degradation of sleep quality or
quantity.

Goal 10: Develop Earth-based applications of technologies developed to reduce the risk
of .neurobehavioral or physiological performance failure due to extended
duration work schedules (e.g., on-call schedules used in medical training,
nuclear power plant shutdowns, military operations) or night shift work.

« Complete projects that investigate the effects of extended duration work
schedules to determine the best timing of countermeasures (light exposure.
naps. melatonin. etc.) to improve performance

« Initiate projects that produce technologies for medical and industrial use
designed to reduce the risk of neurobehavioral or physiological performance
failure due to extended duration work schedules (e.g.. on-call schedules used
in medical training. nuclear power plant shutdowns, military operations) or
night shift work

Goal 11: Integrate research and analysis
Obijective 11A: Integrate research within the Human Performance Factor. Sleep and
Chronobiology Team
« Continue current integration efforts among team Pls. and co-investigators.
Obijective 11B: Integrate research with other tcams
« Continue to build collaborative links between the Team projects and projects
on other teams. especially other teams with a focus on Sleep and Circadian
Physiology
« Coordinate with Neurobehavioral and Psychosocial Factors Team regarding
the effects of sleep loss and circadian displacement. and countermeasures for
these factors on cognition. mood and social interaction.
« Coordinate with the Neurovestibular Adaptation Team regarding the effects of
space motion sickness and countermeasures for it on circadian entrainment
« Coordinate with the Nutrition and Rehabilitation Team regarding the potential
for effects of chronic partial sleep loss on carbohydrate metabolism
« Coordinate with the Smart Medical Systems Team regarding the potential for
neuroimaging to enhance objective detection of neurobehavioral dystunction
due to sleep loss during space flight.
Objective 11C: Integrate research being done by Team investigators with their other.
related research projects that are not directly supported by NSBRI.
e Most of the investigators on the Human Performance Factor. Sleep and
Chronobiology Team are conducting other rescarch projects related to human
performance factors. sleep and chronobiology that are supported by other




federal and non-Federal agencies (Air Force, Department of Defense. NIH,
NSF, NASA, etc.). We plan to integrate the results of that allied research with
the results of their NSBRI projects to facilitate the development of
countermeasures for exploration class missions.

56 SUMMARY

The success of human space flight depends on astronauts remaining alert while operating
highly complex, state-of-the-art equipment. A crucial factor of mission success is that
crewmembers do not get enough sleep. The loss of 24-hour day/light cycle,
weightlessness, a confined environment and work demands make sleep difficult in space.
Astronauts sleep only six hours each night, on average. Exploration crews will have to
switch their "body clock” from the Earth day to the day/night cycle of another planet.
These factors may lead to cumulative sleep loss. increased risk of accidents and possible
mission failure. The Human Performance Factors, Sleep and Chronobiology Team is
focused on developing countermeasures to reduce human mistakes and optimize
neurobehavioral and physiological performance during exploration class space missions.
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Table 5.1. Project Research Activities

National Space Biomedical Research Institute
HUMAN PERFORMANCE FACTORS, SLEEP AND CHRONOBIOLOGY PROGRAM

Phase 1 Activities:

Phase 2 Activities:

Phase 3 Activities:

Risk(s) Countermeasure | Experimental Focused Preliminary C Mature
P1/Project Addressed Target System Mechanistic Countermeasure ountermeasure
Research Development Development
Research Research
BRAINARD Optimizing Light | Goals I, 3 Optimum light Healthy male and | Develop melatonin Optimum light spectral | Assist in designing a
Spectrum for L.ong Duration spectral distribution | female human fluence-response curves | character. for novel light panel for
Space Flight subjects below 440 nm and above | maintaining or adjusting | circadian stimulation.
600 nm in human subjects | circadian phase & Assist in developing
& develop action sleep-wake cycle. protocols for
spectrum between 400 Preliminary test of comparing head
and 700 nm in subjects monochromatic stimuli | mounted light therapy
with dil./undilated pupils | for phase shifting devices
human circadian |
rhythms ]
CZEISLER/Circadian Goals 1,2 Intermittent bright Healthy male and | Quantification of intrinsic| Preliminary evaluation Full-scale clinical trial -

Entraining. Sleep-Wake
Regulation & Performance
During Space Flight

light pulses

female human
subjects scheduled
to non-24-hour
day lengths in an
environment
shielded from
periodic, 24-h time
cues

period and the limits of
entrainment of the human
circadian pacemaker &
investing. of the effect of
circadian misalignment on
sleep, neurobehavioral
performance and
neuroendocrine function

of the efficacy of
intermittent bright light
pulses on circadian
entrainment to non-24-
hour work-rest
schedules, as required
on Mars

of age and gender |
matched astronaut
surrogates living for
extended durations on
a non-24-hour work |
schedule while exposed |
to intermittent brisht
light at the most
effective wavelength |

DINGES/Countermeasures to
Neurobehavioral Deficits from
Partial Sleep Loss

Note:

Goals 1,2, 3

Naps and split sleep
schedules

Healthy male and
female human
subjects

Track neurobehavioral
performance deficits
associated with chronic
sleep restriction &
examine sleep efficiency
and architecture
(restricted sleep periods
at diff. circadian phases)

Develop response
surface map paradigms
to further understand
the interaction between
sleep duration, sleep-
wake placement and
neurobehavioral
functioning

Development of ‘
optimal sleep-wake
schedules (including
main and
supplementary sleep
episodes) to ensure
maintenance of high
level neurobehavioral
functioning

Goal 1: Reduce the risk of human neurobehavioral or physiological performance failure due to disruption of circadian phase. amplitude. period. or entranment during space exploration.
Goal 2: Reduce the risk of human ncurobehavioral or physiological performance failure due to acute or chronic degradation of sleep guality or quantity during space exploration Geal 3: Reduce the risk
of human neurobehavioral or physiological performance failure due to habitat design. equipment design or workload distribution during space exploration.
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FULLER/Primate
Circadian Rhvthms in the
Martian Environment

Goals I, 2

Bright light pulses

Rhesus monkeys as
human surrogaes.
Long-duration studies
in large-diameter
Centrifuge with
controlled lighting
period. intensity and
spectra.

Determine the effect o
altered gravity on
primate circadian
rhythms, principally the
endogenous clock perig

Enhance entrainment
response to low light (1SS,
Martian habitat), reddish
light (Mars), and non-24
hour schedules by means
of exposure to light pulses
Studies will address
timing and efficacy of
bright

light exposure.

Projected application of
bright light pulses to
prevent loss of
circadian entrainment,
sleep and rhythm
disturbances,
performance
decrements.

JEWETT/Mathematical
Model for Scheduled Light
Exposure:
Circadian/Performance
Countermeasure

Goals 1,2

Design of rest/work
and sleep/wake
schedules

Previously collected
human data;

Determine the nature
of amplitude recovery
dynamics of human
circadian system.

Design shift and sleep
schedules for proper
circadian alignment.
Validate refined
circadian amplitude
dynamics of light model.

Incorporate refined
light model into
circadian components
of neurobehavioral
performance model and
predict the performance
in human phase
shifting.

MENAKER/' A Model of
Circadian Disruption in the
Space Environment

Goals 1.2

Coupling between
multiple circadian
oscillators

Transgenic rat
incorporating a
circadian luciferase
reporter gene

Description of system
disintegration under
simulated space flight
conditions

Repair system
disintegration with timed
application of light, food
and melatonin

Transfer working
countermeasures to
humans

MORIN Circadian and
Vestibular Relationships

Goals |,

Anatomical &
functional issues
linking the vestibular
& circadian systems

Anatomical tract traciy
using retro and
anterograde transport
labels

Study of brain
regions for stimuli
responses known to
alter vestibular
functions

Phase shifts in
circadian rhythms

Understanding the
basic anatomical &
functional pathways
linking vestibular &
circadian systems

N/A

N/A

TOSINI/Long-term
Exposure to Dim Light
Desynchronizes the
Circadian System of Rats

Goals 1.2

Coupling between
central and peripheral
oscillators

Measuring
expression of gene
in peripheral tissues

Identification of the
effects on the
circadian system of
prolonged exposure
to constant conditions

Use of melatonin as
synchronizing agent

TUREK/Animal Mode! for
Steep Loss and Circadian
Disruption

Note: Goal I: Reduce the risk of human neurobehavioral or physiological performance failure due
Goal 2: Reduce the risk of human neurabehavioral or physiological performance failure due to acute or chronic degradation of sleep quality or quantity during space exploration. Goal 3: Reduce the rish «

Goals 1,2

Exogenous melatonin
administration and
exercise

Mice

N/A

Testing of the
effectiveness of
countermeasures
(melatonin, exercise)
using a mouse mode!

10 distuption of circadian phase, amplitude. period, or entrainment during space exploration.

human neurobehavioral or physiological performance lailure due to habitat design, equipment design or workload distribution during space exploration.
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HUMAN PERFORMANCE FACTORS, SLEEP AND CHRONOBIOLOGY PROGRAM

Table 5.2. Integration Activities

National Space Biomedical Research Institute

Brainard Czeisler Dinges Fuller Jewett Menaker | Morin Turek Tosini
Monthly team Telecon and Czeisler etal, | Telecon and Telecon and Telecon and | Telecon and Telecon and Telecon and
Internal telecon. NSBRI informal Jewett et al | informal informal informal informal informal informal
Communication January Retreat, | discussions Kosslyn et al, | discussions discussions discussions | discussions discussions discussions
informal with other Lieberman et with other with other with other with other with other with other
discussions. team members al team members | team members | team tearn members | team members | team |
Discussions with Czeisleretal, | members members
JSC staff: night Dinges et al,
lighting & and Brainard et. al
window design . o
Dr. Fuller and Dr. Dinges: Neurobehavior | Dr. Brainard:
Integrated P.ctel: Smith: standardize ‘ al performance deve.lop a N/A N/A N/A N/A N/A
Expériment hght_n]g _ neurobehavioral | assessment ' spemﬁcatlon for
Development specifications for | assessment. Neurobehavior | simulated
pm ' - . .
simulated Dr.Fuller: al performance | Martian ambient
Martian coordination of assessment lighting. test
environment for | primate-human apparatus, and
current primate models. document
studies and future | Dr. Jewett; use of spectrum.
animal and biomathematical Potential
human studies. model predictions intcgrated
Dr. Jewett: re. intermittent experiment
developing bright light cm. facility, with
protocols for Dr. Brainard: animal
comparing head | spectral sensitivity centrifuges and
mounted light of circadian phase both rodent and
therapy devices resetting. primate habitats o o
Accessed head Neurobehavioral | Neurobehavior Czeisler et al, .
Sample Sharing m_ounleq light and cn?rainmcnl al data’ Jewett | N/A Dinges et al N/A N/A N/A N/A
stimulation data with Jewett | ctal
systems from et al
BioBrite Inc. and
Leon Lack, MD,
for Dr. Jewett's
efficacy tests
The results of our | Neurobehavior | We are
Synergistic Studies Plieli|11inar)' test growth hormone al p;rt‘ormgnce curren?ly N/A N/A N/A N/A N/A
ofOpbortunit_\' of measures will be | testing during | exploring

monochromatic

shared with the

chironic sleep

interest in both




stimuli for phase
shifting human
circadian

rhy thms with
Drs. Czeisler and
Lockley

Muscle and Bone
Teams, given the
potential impact
of the
hypothesized
chronic
reduction in
sleep-related
growth hormone
secretion on
maintenance of
muscle and bone
function

restriction and
circadian
displacement
(stressful
condition)’
Dinges et al
{Neurobehavio
ral and
Psychosocial)
Circadian
adjustment
during chronic
sleep
restriction/
Czeisler et al

the rhesus
model and
hypergravity

(Sleep and
Chronobiology
)
Contributing Contributing Our findings Development
Development of N'A neurobehavioral | neurobehavior | should help and validation | N/A N/A N/A N/A
Computer Model of and entrainment al_ data for . define of refined
Integrated Human data for biomathematic | parameters of | model the
i biomathematical | al modetl circadian effects of light

Function

model
development
(Jewett et al/
Sleep and
Chronobiology)
with ultimate
goal of
integrating
performance
model into model
of Integrated
Human Function

development
(Jewett et al
Sleep and
Chronobiology
) with ultimate
goal of
integrating
performance
model into
model of
Integrated
Human
Function

response to
gravity in
combination
with altered
lighting

environments.

on human
circadian
svstem.
Refinement
and validation
of
mathematical
model of
human
Neurobehavior
al
Performance




Table 5.3a. Achieving Goal 1: Reduce the risk of human neurobehavioral or physiological performance failure due to disruption of

National Space Biomedical Research Institute
HUMAN PERFORMANCE FACTORS, SLEEP AND CHRONOBIOLOGY PROGRAM

circadian phase, amplitude, period, or entrainment during space.

different light levels (low, medium and high intensity) (Goals 1 and 2)

hY

Phase 1: Focused Mechanistic Research

Fit stochastic and deterministic models to low-amplitude human temperature data

]
to select lower- vs. higher-order models of human circadian amplitude recovery

e Describe disrupting effects of constant light on phase relationships among
circadian oscillators in brain and peripheral organs

» Investigate the effect of circadian misalignment on sleep, neurobehavioral
performance and neuroendocrine function (Goals 1 and 2)

e Determine how desynchronized organisms respond to infections (Goals | and 2)

s Determine the performance levels of desynchronized animals (Goals | and 2)

e Develop human melatonin fluenceresponse curves below 440 nm and above 600
nm (Goals | and 3)

e Quantity role of pupil dilation in circadian photic transduction in humans

o Develop melatonin action spectrum in humans with freely reactive pupils

[ ]

Establish the anatomy of connectivity between the circadian rhythm system and
the vestibular system

Countermeasure Development Phases zl:):)el 2001/2002|2003 {2004 |2005(2006{20072008:2009(2010/2011,2012
Phase 0: Observational & Phenomenological Research
e Quantify neurobehavioral performance decrements associated with circadian
misalignment and’or sleep restriction/disruption (Goals | and 2)
e Observation of a presumptive vestibular-circadian system anatomical connection !
¢ Identify the effect of an altered circadian environment on the well being of the
organisms (Goals | and 3)
e Characterize the effect of long-term exposure to constant conditions on the
circadian system (Goals | and 3)
e Quantify the impact of chronic circadian disruption and‘or sleep
restriction'disruption on recovery sleep, circadian adjustment and s
neurobehavioral performance in different strains of mice (x2) entrained to 5




Countermeasure Development Phases (cont'd)

Pre
2001

2001 (2002 izoos 2004
| |

Investigate the relationship between the degree of sleep and’or circadian
disruption and the resulting impairment to neurobehavbral performance in mice
(Goals | and 2)

2005

2006

2007

2008

2009

2010

2011

2012

Describe disrupting effects of shifting schedules of light, food availability and
exercise on phase relationships among circadian oscillators in brain and
peripheral organs

Determine functional activation of the vestibular and circadian systems by an
optokinectic nystagmus stimulus

Identify promising pharmacological countermeasures to reduce the risk of
desynchronization

Phase 2: Preliminary Countermeasure Development Research

Test the impact of split sleep-wake schedules on chronic sleep deficits at different
circadian phases (Goals | and 2)

Determine the functional activation of the vestibular and circadian systems bya
non-locomotor. non-photic. vestibular activating stimulus

Efficacy of intermittent bright light pulses on circadian entrainment to non24-
hour work-rest schedules. as required on Mars (Goals a and 3)

Validate refined circadian amplitude recovery dynamics of light modemeliorate
disruptive effects of constant light and shifting schedules using pulses of bright
light. darkness. melatonin and applying regularized feeding and work schedules

Test if the administration of exogenous melatonin at either physiological or

pharmacological levels at the beginning of the period of imposed wakefulness
attenuates the impact of chronic circadian disruption and’or sleep

restriction disruption on performance and recovery sleep in mice (Goals | and 2)
Test if access to a wheel during rest periods (exercise) reduces the impact of
chronic circadian disruption and/or sleep restriction/disruption on performance
and recovery sleep in mice (Goals | and 2)

Determine what duration of exercise optimally reduces the impact of chronic
circadian disruption and/or sleep restriction/disruption on performance and
recovery sleep in mice (Goals | and 2)

Test pharmacological countermeasures (melatonin) to reduce the risk ofinternal
desynchronization (Goals | and 2)

Test human circadian phase-shifting with selected monochromatic wavelengths
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Countermeasure Development Phases (cont'd)

Pre
2001

2001

2002

2003 ‘2004 2005|2006 12007

20082009 2010 2011

2012

Phase 3: Mature Countermeasure Development Research

Incorporate refined light model! into circadian component of neurobehavioral
performance model and predict neurobehavioral performance in human phase shifting
experiments

Efficacy of intermittent bright light pulses of different intensities and/or wavelengths on
circadian entrainment to non-24-hour work-rest schedules (Goals 1 and 3)

Develop and test candidate sleep-wake schedules to minimize chronic neurobehavioral
and physiological deficits at all circadian phases (Goals 1, 2 and 3)

Apply knowledge gained with animal model to humans using measures of cognitive
performance and physiological welkbeing to assess effectiveness

Ground test efficacy of pharmacological sleep-promoting countermeasures to mitigate the
adverse effects of circadian disruption and microgravity on sleep in humans (Goals 1 and
2)

Ground test efficacy of pharmacological (e.g.. caffeine, nodafinil) or behavioral (e.g.,
exercise) wake-promoting countermeasures to mitigate the adverse effects of chronic
sleep restriction and circadian disruption in humans (Goals | and 2)

Ground test efficacy of pharmacological (e.g.. melatonin). nutritional.environmental
(e.g.. light or dark pulses) or behavioral (e.g., exercise) circadian countermeasures
designed to maintain internal synchrony of circadian oscillators in diverse organ systems
in humans

Phase 4: Countermeasure Evaluation & Validation

s Test neurobehavioral model predictions against circadian and performance data collected
under field conditions

¢ Test optimal sleep-wake schedulesto minimize chronic neurobehavioral and
physiological deficits at afl circadian phases (Goals | and 2)

o Conduct in-flight clinical trial of pharmacological sleep-promoting countermeasures to
mitigate the adverse effects of circadian disruption and microgravity on sleep (Goals 1
and 2)

o Conduct in-flight clinical trial of pharmacological wake-promoting countermeasures to

mitigate the adverse effects of chronic sleep restriction and circadian disruption (Goals 1
and 2)

Phase 5: Operational Implementation of Countermeasure Strategy

Implement a biomathematical modekbased system in which countermeasures are
deployed only when needed to reduce the risk of human neurobehavioral or physiological
performance failure due to circadian misalignment or sieep los (Goals 1,2 and 3)




National Space Biomedical Research Institute
HUMAN PERFORMANCE FACTORS, SLEEP AND CHRONOBIOLOGY PROGRAM

Table 3b. Achieving Goal 2: Reduce the risk of human neurobehavioral or physiological performance failure due to acute or chronic
degradation of sleep quality or quantity during space exploration.

Countermeasure Development Phases

Pre
2001

2001 {2002[20032004(2005{2006|2007

2008[2009(2010(2011(2012

Phase 0: Observational & Phenomenological Research

® Quantity neurobehavioral performance decrements associated with circadian

misalignment and/or sleep restriction/disruption (Goals | and 2)

Determine the nature of neurobehavioral and physiological clanges induced by chronic
sleep restriction at different circadian phases

Quantify the impact of chronic circadian disruption and/or sleep restriction/disruption
on recovery sleep, circadian adjustment and neurobehavioral performance in diffeent

strains of mice (x2) entrained to different light levels (low. medium and high intensity)
(Goals | and 2)

Phase 1: Focused Mechanistic Research

Investigate the effect of circadian misalignment on sleep, neurobetavioral performance
and neuroendocrine function (Goals 1 and 2)

Determine how desynchronized organisms respond to infections (Goals I and 2)
Determine the performance levels of desynchronized animals (Goals 1 and 2)

Investigate the relationship between the degree of sleep and/or circadian disruption and
the resulting impairment to neurobehavioral performance in mice (Goals | and 2)

Phase 2: Preliminary Countermeasure Development Research

Test the impact of split sleep-wake schedules on chronic sleep deficits at different
circadian phases (Goals | and 2)

Test if the administration of exogenous melatonin at either physiological or
pharmacological levels at the beginning of the period of impeed wakefulness attenuates
the impact of chronic circadian disruption and/or sleep restriction‘disruption on
performance and recovery sleep in mice (Goals | and 2)

Test if access to a wheel during rest periods (exercise) reduces the impact of chronic
circadian disruption and/or sleep restriction/disruption on performance and recovery
sleep in mice (Goals 1 and 2)

Determine what duration of exercise optimally reduces the impact of chronic circadian

disruption and‘or sleep restriction/disruption on performance and recovery sleep in mice
(Goals | and 2)
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Countermeasure Development Phases (cont'd)

Pre
2001

2001

2002

1
200312004,2005/2006(20072008

2009

2010

2011

2012

Test pharmacological countermeasures (melatonin) to reduce the risk of internal
desynchronization (Goals | and 2)

Test pharmacological wake-promoting countermeasures (caffeine, modafinil) to reduce
the risk of neurobehavioral performance failure due to sleep loss

Integrate into biomathematical model the impact of wake- and sleep-promoting
therapeutics (pharmacological or behavioral) on neurobehavioral performance in the
presence of circadian misalignment and/or sleep restriction/disruption (Goals 1 and 2)

Phase 3: Mature Countermeasure Development Research

Develop and test candidate sleep-wake schedules to minimize chronic neurobehavioral
and physiological deficits at all circadian phases (Goals 1, 2 and 3)

Ground test efficacy of pharmacological sleep-promoting countermeasures o mitigate the
adverse effects of circadian disruption and microgravity on sleep in humans (Goals | and
2)

Ground test efficacy of pharmacological (e.g., caffeine, modafinil) or behavioral (e.g..
exercise) wake-promoting countermeasures to mitigate the adverse effects of chronic
sleep restriction and circadian disruption in humans (Goals | and 2)

Phase 4: Countermeasure Evaluation & Validation

Test optimal sleep-wake schedules to minimize chronic neurobehavioral and
physiological deficits at all circadian phases (Goals 1 and 2)

Conduct in-flight clinical trial of pharmacological sleep-promoting countermeasures to
mitigate the adverse effects of circadian disruption and microgravity o sleep (Goals |
and 2)

Conduct in-flight clinical trial of pharmacological wake-promoting countermeasures 1o
mitigate the adverse effects of chronic sleep restriction and circadian disruption (Goals |
and 2)

Phase 5: Operational Implementation of Countermeasure Strategy

Implement a biomathematical modelbased system in which countermeasures are
deployed only when needed to reduce the risk of human neurobehavioral or physiological
performance failure due to circadian misalignment or sleep loss (Goals |, 2 and 3)

Implement a biomathematical modektbased system in which countermeasures are
deploved only when needed to reduce the risk of human neurobehavioral or physiological

performance failure due to circadian misalignment or sleep loss (Goals | and 2)




National Space Biomedical Research Institute
HUMAN PERFORMANCE FACTORS, SLEEP AND CHRONOBIOLOGY PROGRAM

Table 3¢. Achieving Goal 3: Reduce the risk of human neurobehavioral or physiological performance failure due to habitat design,
equipment design or workload distribution during space exploration.

Countermeasure Development Phases

Pre

2001 2001{2002{2003|2004/2005/2006/2007(2008/20092010/2011)2012

Phase 0: Observational & Phenomenological Research

Identify the effect of an altered circadian environment on the well being of the organisms
(Goals | and 3)

Characterize the effect of long-term exposure to constant conditions on the circadian system
(Goals | and 3)

Phase 1: Focused Mechanistic Research

Develop humman melatonin fluenceresponse curves below 440 nm and above 600 nm (Goals
1 and 3)

Determine effect of altered gravity on circadian period
Test entrainment to Martian day-length and ambient lighting
Test entrainment to Martian day-length and habitat lighting

Phase 2: Preliminary Countermeasure Development Research

Test the impact of split sleep-wake schedules on chronic sleep deficits at different circadian
phases

Determine the functional activation of the vestibular and circadian sy stems by a non
locomotor. non-photic, vestibular activating stimulus

Efficacy of intermittent bright light pulses on circadian entrainment to non24-hour work-rest
schedules, as required on Mars )}(Goals 1 and 3)

Test commercially available head-mounted light devices for circadian efficacy

Develop lighting monitoring system for inside of space shuttle and 1SS

Test human circadian phase-shifting with selected monochromatic wavelengths
Test human melatonin response to simulated ISS, EVA and lunar light environments
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Countermeasure Development Phases (cont'd) 2[;::' 200112002 2003}2004 2005(2006(2007|2008|2009(2010/2011|2012

Phase 3: Mature Countermeasure Development Research

e Efficacy of intermittent bright light pulses of different inensities and/or wavelengths
on circadian entrainment to non-24-hour work-rest schedules (Goals | and 3)

e Develop and test candidate sleep-wake schedules to minimize chronic neurobehavioral
and phvsiological deficits at all circadian phases (Gaals 1. 2 and 3)

Develop light sources that optimally stimulate human circadian responses
Develop light sources that specifically do not stimulate human circadian responses
Develop window and visor prototypes for optimal human circadian stimuhtion
Develop window and visor prototypes that minimize human circadian responses

Phase 4: Countermeasure Evaluation & Validation

Ground test lights that optimally stimulate human circadian responses

Ground test lights that specifically do not stimulate human circadian responses
Ground test window and visor prototypes for optimal human circadian stimulation
Ground test window and visor prototypes that minimize human circadian response

Phase 5: Operational Implementation of Countermeasure Strategy

e Integrate current 1SS and shuttle lighting with new light sources and window systems

(2010-2015)
e Ground test integration of ISS lighting with new light sources and window systems
(2012-2015)

e Flight test integration of ISS lighting with new light sources, window systems
e Implement a biomathematical modetbased system in which countermeasures are
deployed only when needed to reduce the risk of human neurobehavioral or

physiological performance failure due to circadian misalignment or sleep loss (Goals 1,
2and 3)




6.0 IMMUNOLOGY, INFECTION & HEMATOLOGY

Team Leader: William T. Shearer, M.D., Ph.D.
Professor of Pediatrics and Microbiology & Immunology
Baylor College of Medicine
6621 Fannin, MC 1-3291
Houston, TX 77030-2399
832-824-1274
832-825-7131 FAX
wshearer/@bcm.tmc.edu

6.1 INTRODUCTION

The environmental, inter- and intrapersonal conditions of space flight pose a potential threat to
an astronaut’s immune system. These conditions include isolation, containment, weightlessness,
increased radiation exposure, and enhanced microbial contamination. In all human and animal
subjects flown in space, evidence of immune compromise, reactivation of latent virus infection,
and development of a pre-malignant or malignant condition exists. Moreover, in all ground-
based space flight model investigations, evidence of immune compromise and reactivation of
latent virus infection is also observed. Studies are in progress to determine whether malignancy.
t00. will be observed in these experimental animals. All of these symptoms are similar to those
found in a wealth of human pathological conditions where the human immune system is
compromised, such as with stress. immunosuppressive drugs. infection. and radiation, and where
reactivated. chronic virus infections and cancer appear as a natural consequence. Two examples
where these clinical conditions are readily observed are Epstein-Barr virus (EBV)-driven
lymphomas in transplanted patients and Kaposi sarcoma in acquired immunodeficiency
syndrome (AIDS) patients. Given these known risks to the immune system. it is highly
appropriate, indeed imperative, that NSBRI researchers carefully investigate the effects of space
flight conditions on human immunity. infection rate. and cancer rate.

6.2  RISKS

The following risks in the Immunology. Infection and Hematology Discipline Area have been
identified in the Critical Path Roadmap (risk number in parentheses):

» Immunodeficiency/Infections (22)

« Carcinogenesis Caused by Immune System Changes (23)

e Altered Hemodynamic and Cardiovascular Dynamics Caused by Altered Blood

Components (24)

+ Altered Wound Healing (25)

o Altered Host-Microbial Interactions (26)

« Allergies and Hypersensitivity Reactions (27)

We have chosen to redefine the risks in a manner better suited to formulation of the present
team's research plans. All of these newly stated risks are contained within the original risks.

Risk 1:  Radiation Damage to Stem Cell and Immunc System
Risk 2:  Microgravity and Stress Effects on Immune System and Resistance to Infection
Risk 3:  Reactivated Latent Infections

Risk 4:  Malignancy
Risk 5: Altered Microbes
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In all of the risks proposed for the Immunology, Infection, and Hematology Team, the principal
focus must be the underlying stem cell damage that produces the immunological deficits that
create the observed risks (e.g., infections on space flights occur because of underlying immune
damage).

6.3 GOALS
The Immunology, Infection and Hematology Team has the following goals for its program:

Risk-Based Goals

Goal 1: Reduce risk of space flight conditions (isolation, containment. stress, microgravity, and
radiation) damaging the human bone marrow stem cell and differentiated immune cells.
Goal 1 covers Risks 1 and 2.

Goal 2: Reduce risk of astronauts developing new and reactivated infections. premature
immune cell death, and malignancy.
Goal 2 covers Risks 3 and 4.

Goal 3: Reduce risk of space flight-induced development of superstrains of microbial
organisms.

Goal 3 covers Risk 5.

Non-Risk-Based Goals

Goal 4: Develop Earth-based applications of space flight studies to help diagnose and treat
humans with secondary immunodeficiencies. reactivated viral infections, and
malignancy.

Goal 5: Integrate rescarch and analysis.
6.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The Immunology. Infection. and Hematology Team will seek to reduce the risks defined in
Section 6.2 above. The first step in this direction is to firmly establish the molecular and cellular
consequences of exposure of the human stem cell and differentiated immune cells (peripheral
blood. tissue. mucosa) to the conditions of space flight. Knowing the precise damage to the
human immune system will greatly facilitate the development of a countermeasures program. A
recent example of the team’s progress will illustrate this concept. For 25 years. it has been
known that humans in space and in the space-equivalent model of the Antarctic winter display
weak. delayed-type hypersensitivity skin reactions to recall antigens. This skin test is a very
crude method of assessing immune system deficiencies. Our team has greatly advanced
knowledge of the precise molecular events taking place in the human immune system in response
to space flight equivalent conditions by determining recently that TH2 CD4" T-cells reduce the
output of the proinflammatory cytokine interleukin-10 (IL-10) in humans in the Antarctic winter.
We plan also to define the early cellular changes in reactivated viral infections and the role of the
stress (hypothalamic-pituitary-adrenal axis) system in creating secondary immunodeficiency.
enhanced infection rates. and development of malignancy. In addition. we will strive to
understand the potential for the emergence of superstrains of bacteria. viruses. and fungi in
irradiated hosts. With this new information. we will be able to much better plan for an effective
countermeasures program involving shielding (structural. chemical) for radiation. stress-
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reduction programs, nutritional, pharmacologic and immunologic prevention and treatment
programs (for example, gene or cell inhibitors, immunizations and antibody, cytokine, or stem
cell therapy), and a microbiocidal program for prevention of opportunistic infection.

Following the award of the present three-year cycle of grant support that began in September
2000, the Immunology, Infection, and Hematology Team was reconstituted with six projects that
possessed a cohesive critical mass of investigators and projects (see Table 6.1). The principal
focus of five of the projects is the harm to the human immune system that might result from
immunosuppressive factors in long-term space flight. These factors include deep space radiation,
microgravity, physical and psychological stress, isolation and containment, microbial
contamination, altered microbial virulence, and sleep deprivation. All of these factors have
produced alterations in immune responses of humans and animals flown in space or their
counterparts using earth-bound space-equivalent models. There is collaboration of investigators
within a project and between projects. The leadership of the team (Drs. William T. Shearer,
Janet S. Butel, and Gerald Sonnenfeld), for example, participate in certain aspects of many of the
projects (see Table 6.2). Projects 1-5 deal with uncovering the pathogenic mechanisms of risk
factors, whereas Project 6 concerns the detection system for pathologic microbes, currently
bacteria, but in the future viruses and fungi that would cause immunosuppression.

6.4.1 In terms of an overall team selection of priorities for a cohesive research program for the
risk-based goals, we have decided to focus on two types of immunosuppresive factors—
radiation and microgravity, using: 1) radiation studies and 2) anti-orthostatic model studies,
respectively. All of the six projects will support these two team studies.

6.4.1.1. In the first of these team projects. the co-investigators will include Drs. Shearer. Butel.
Ling, Conner, Reuben, and Rosenblatt. members of the NSBRI Immunology. Infection and
Hematology Team from Baylor and Dr. Daila Gridley from Loma Linda University (LLU).
Selected strains of mice (e.g.. BALB/c. C57 black) will be exposed to proton and gamma ray
radiation and subsequently to murine viruses (e.g.. gamma 68, polyomavirus). in an attempt to
determine the combined effects of space radiation and latent virus infection on the immune
function of study animals. This first approach will examine the simultaneous effects of radiation
and infection and will then be followed by a sequential approach of infection first and radiation
second. the likely scenario for human space travelers to Mars. The dose of radiation that will be
utilized initially (3Gy. the estimate of radiation received by astronauts on a Mars Mission) will be
that used by Dr. Gridley and her colleagues who have demonstrated rapid and profound
alterations in immune cells and immune responses in murine subjects. Replicate and controlled
experiments will be performed by both the LLU site and the Baylor site to insure that the same
methods are followed at both sites and that the results of the experiments at Baylor confirm those
of LLU. If gamma radiation proves to be equivalent to proton radiation in terms of effects upon
the immune system (e.g.. spleen cell T-cell response to non-specific stimuli and specific antigen
stimulation: plasma antibody formation to neoantigen; spleen lymphocyte subset distribution). it
may be possible to avoid transfer of mice between institutions. as Baylor has a source of gamma
radiation.

In addition to examination of the effects of radiation and latent virus infection on immune cells
and immune responses, study animals will be evaluated for the development of tumors and blood
malignancies. This will be carried out with the assistance of Dr. Cory Brayton. a veterinary
pathologist at Baylor, who has agreed to collaborate on this project.

Also. Dr. Alan Gewirtz at the University of Pennsylvania has begun collaborative NSBRI studies
with Dr. Elizabeth Sutherland at the Brookhaven National Laboratory (BNL) with bone marrow-
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derived human stem cell lines. These cell lines were exposed to heavy metal ion (Fe’®) radiation
and subsequently tested by standard hematologic assays for ability to form colonies of cells in the
myeloid series: granulocytes, erythroid cells, and platelets. In the future, similar experiments will
be performed at LLU, where the effects of proton and gamma radiation will be evaluated in these
same assays. Because the preparation of human stem cells from donor bone marrow also yields
precursor cells in the lymphoid system, it will be possible to simultaneously evaluate the effects
of the various types of radiation on the development of T- and B-cells. Similarly. macrophages.
monocytes, and stromal cells could be evaluated. The methods of analysis of these various types
of immune cells could include measurement of cell growth factors (e.g., IL-3, IL-6, IL-7, TGF-
B), apoptosis gene regulation (e.g.. gene array assay), and cell repair pathways. These studies
would include the collaboration of Drs. Gewirtz, Reuben, Rosenblatt, and Gridley.

Also. peripheral blood human stem cells will be harvested by pheresis in subjects given
granulocyte-monocyte colony-stimulating factor (GMCSF) to increase the number of circulating
stem cells at the M.D. Anderson Cancer Center. Dr. James Reuben will utilize these cell
harvests in similar radiation studies and evaluate dendritic cell (#1 and #2 types) function in the
presentation of antigens to lymphocytes.

In both bone marrow and peripheral blood stem cell preparations. evidence of genetic damage
will be investigated by examination of progenitor cells for chromosomal breaks. These
measurements will yield important information on the possibility that radiation of human stem
cells might result in leukemogenesis and tumorigenesis.

Future collaborative studies have been proposed for the Radiation Team. in which the use of
surrogate markers could be used to assess the risks of tumor development in irradiated animals.
Surrogate markers would greatly reduce the time needed to evaluate tumorigenesis and to
observe exposed animals for cancer development. For the current Fe’® irradiated rat breast tumor
model. one such surrogate marker might be the appearance of epithelial cells in the peripheral
blood that herald the development of breast cancer. In addition to the detection of epithelial
cells. it might be possible to examine the gene imprints of these cells by gene array assays. Such
studies might vield a characteristic dysregulation of normal gene activation that would be
predictive of breast cancer in this animal model.

This first team project addresses Goals 1 and 2 (space flight conditions damaging immune cells
and development of new or reactivated infections. premature immune cell death and malignancy.
respectively). but with the assistance of Project 6 we will also be addressing Goal 3, the detection
of genetically altered (possibly supervirulent) strains of environment or host microorganisms
with the use of DNA probes (see Section 6.5 and Table 6.1). Originally designed to develop
genetic probes of spacecraft bacterial contaminants, Project 6 will adapt the genetic probes to
detect contaminating viruses and to detect the emergence of both bacteria and viruses made more
virulent by exposure to spaceflight conditions. principally radiation.

6.4.1.2 The second of the team projects will involve the anti-orthostatic (AOS) (hind-limb
suspension) model and addresses Goals 1 and 2. The subgroup on hind-limb suspension felt that
it was important that standardized procedures be used by the group to allow for comparison of
results across projects. The exact caging and suspension techniques do not have to be identical.
but the parameters used for setting up the suspension should be uniform. In the future. all
suspension will be set up with uniform parameters. Suspension will be carried out with a 15 to
20 degree head-down tilt. The tilt will be measured at the body axis of the animal. Controls for
all experiments will consist of at least vivarium controls in standard housing and restraint
controls with animals in suspension hardware but with all four paws on the ground and bearing
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weight. Additional controls may be added at the investigator’s discretion. Vivarium controls
will be in individual cages, not housed with multiple animals per cage. All hind-limb suspension
experiments will commence in the morning between 9 and 11 AM. Dr. Sonnenfeld has already
had remarkable success with these procedures in demonstrating an at least two-fold increase in
death in AOS mice challenged with Klebsiella pneumoniae.

We plan to examine changes in differential gene expression in the immune system using
commercially available low-density nylon-based gene array technology. Each blot contains 23
specific and two housekeeping genes. Arrays are available that can detect specific sets of genes
that are grouped based on their association with known signal transduction pathways. Once
changes in particular pathways are identified, pathway-specific gene arrays are available to
elucidate changes in expression of pathway-specific genes. In addition, arrays are available to
detect changes in gene expression of mouse cytokines, interleukin receptors, chemokines,
chemokine receptors, inflammatory cytokines, T-cell activation markers, and B-cell activation
markers. The approach is to catalog global changes in the immune system (cell distributions,
cytokine production, gene expression) utilizing the AOS mouse model, and then to determine any
additive effects of concomitant virus infection and/or proton irradiation on those patterns. This
comprehensive approach will provide new insights into mucosal and systemic host immune
functions. Additionally, comparison of the results from the animal model and human studies
should provide directions for future studies.

6.4.2 In planning for the next 5 years of research. it is expected that the immediate research
efforts will be directed toward uncovering the mechanisms behind the changes already observed
in immunity due to exposure of subjects to space flight conditions. An example of this process
would be the information gained from projects that will examine the effects of protons, gamma
rays. and heavy metal ions upon mature lymphocytes in the peripheral blood and the pleuripotent
hematopoietic bone marrow stem cells in irradiated mice. By carefully adjusting the timing and
dose of irradiation, it will be possible to determine where the lesions due to radiation occur along
the primordial stem cell to mature lymphocyte differentiation pathway. There could be multiple
hits. indicating that several differentiation steps are affected. or the result could be due primarily
to stem cell damage early in the differentiation pathway. Not only would this information be
important for understanding the pathogenesis of radiation-induced immunosuppression. but it
would also be important for construction of an effective countermeasures program. A lethal hit
to the primordial stem cell would mandate the countermeasure of replacement of stem cells. most
likely by use of an autologous stem cell transfusion with stem cells harvested prior to space flight
and preserved from the same radiation damage. Appropriate repair of immune system damage
should restore control of reactivated viruses and microbial infections.

In terms of a 5-10 year plan of research. it is estimated that human evaluation of the
countermeasures of the projects will take place in this phase of NSBRI-supported research. It is
most likely that the countermeasures will change during the first five years of research. as basic
science investigations discover mechanisms unknown at present. Using irradiation of the human
bone marrow stem cell development pathway as the example. it will be important to know where
radiation effects take place. If the principal radiation damage is to a mature lymphocyte (e.g..
CD4" T-cell), there may not be the need for reconstitution with the primordial stem cell. but
rather treatment with cytokines such as 1L-7 and IL-12 that produce maturation of early
lymphocyte precursors into mature lymphocytes. Thus. the countermeasures proposed for today
will vield to the basic scientific discoveries of the first five vyears of research. Some
countermeasures most likely will not change. such as the use of intravenous immunoglobulin
(IVIG) in immunocompromised space travelers. 1VIG has a half-life of one month and can be
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used repeatedly in patients until a permanent reconstitution of immunoglobulin by B-cells takes
place.

6.4.3 We have initiated plans for the non-risk goals of our team as well. For Goal 4, Earth-
based applications that help diagnose and treat immunodeficiency, reactivation of viral infection
and malignancy, we will begin by examining whether during long distance space travel we can
utilize the current AIDS model of the CD4" T-cell count as a predictor of immunosuppression.
For this type of prediction system, constant refinement of standards will be very important as
illustrated by the fact that the previous cutoft of 500 CD4" T-cells/ul of blood that defined the
limit of beginning immunosuppression has been lowered to 300 cells/ul. Also, there may be
much more suitable surrogate markers that would prove more definitive in alerting space
physicians of pending immune compromise. The balance of pro- and anti-inflammatory
cytokines (e.g., [IFN-y vs. IL-10), as seen in Antarctic winter dwellers for example, might become
a better early warning system. The example given (IFN-y vs. IL-10 levels in the Antarctic winter
model of spaceflight isolation) signaled the simultaneous activation of latent virus shedding.
Researchers will now use this cytokine balance to look for early evidence of immunosuppression
due to virus infection in children and adults in routine medical practice. Similarly. we will apply
whatever we learn for our space-based immunosuppression prediction system for future Earth-
based applications.

In further pursuit of Goal 4, the microbial detection system that Dr. Fox is perfecting will enable
astronauts to know when water or food sources will give them food poisoning. a condition
extremely undesirable in space. It will be important for this microbial detection system to be
developed for viruses found in saliva as well so that an early warning system could be activated
should latent virus activation occur in astronauts and antiviral therapy need to be initiated. This
detection system has many potential Earth-based applications.  Another activity towards
achieving Goal 4 is to examine whether adaptation of immunoreconstitution therapies to
astronauts in space may vield important clues for treatment of humans on Earth, such as the
ability to restore a failing immune system before total collapse.

Our team’s efforts to achieve the non-risk goal (Goal 5) of integration of research and analysis
can be appreciated in Figure 6.1 and Table 6.2. At our tcam retreat in July 2001 and the NSBRI
Retreat held in January 2002, we discussed how to interconnect all of the projects by
collaborations of investigators and sharing of research specimens and analytical data.

FIGURE 6.1: Integration of NSBRI Immunology, Infection, and Hematology Team

Shearer | Butel l Sonnenfeld l Gewirtz J Shi I Fox

Radiation
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Not only did the team investigators plan for the integration of their own team projects, they also
met with investigators of the Radiation Team to plan collaborative projects, particularly the
examination of effects of space radiation upon the immune cells, cytokines, and antibodies in
animal models that develop malignancies. Also, Dr. Shearer wrote a letter of collaboration to the
NSBRI for the new application of Dr. Daila Gridley, LLU, to support her inclusion in the team
effort so as to supply the present investigators with a senior radiation biologist/immunologist.
Some of the commitments of team collaborators are listed below:

e Drs. Shearer, Butel, Ling, Conner, Reuben, Rosenblatt. and Gridley for studies on
radiation, viral infection, and immune responses.

e Drs. Sonnenfeld (also involving Drs. Shearer, Butel, Conner, and Gewirtz as plans
develop) and Vazquez (NSBRI Radiation Team) for studies on radiation and immune
responses in AOS Mouse Model.

e Drs. Sonnenfeld, Butel, Ling, and Conner for studies of the effects of neuroendocrine
hormones on viral growth and replication.

e Drs. Gewirtz, Sutherland, and Reuben for radiation and hematopoietic stem cell research.
Drs. Sonnenfeld, Fox, and Willson for studies to determine effects of neuroendocrine
hormones of gene expression of bacteria by array analysis.

Drs. Fox, Willson, Butel, and Ling for studies of rapid detection of viruses.
Drs. Shearer, Rosenblatt, Reuben, Butel, and Ling for Antarctic analog studies. Dr.
Desmond Lugg (ANARE) will be a collaborator on these studies, as well.

6.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Presented here are the objectives underlying each goal and the strategy that we plan to use to
achieve the goals and objectives of our program.

Goal 1:  Reduce risk of space flight conditions (isolation, containment, stress. microgravity.
radiation) damaging the human bone marrow stem cell and differentiated immune
cells.

Goal2:  Reduce risk of astronauts developing new and reactivated infections. premature
immune cell death, and malignancy.

Since many of the objectives and specific activities for Goals 1 and 2 are similar and interrelated.
we have presented them together. They are:

Obijective 1A-2A. Assess risk and target level of acceptable risk.

e In human models, develop a system of surrogate markers for the component of the
immune system being tested based upon well-established clinical standards (e.g..
CD4" T-cell count and CDC recommendations).

e In animal models. use natural outcomes if the endpoints are reached within days (e.g..
death). If the endpoints are to be reached in months (e.g.. breast carcinoma), develop
surrogate markers of cancer development (e.g.. epithelial cells appearing in blood
stream).

Obijective 1B-2B. Determine mechanisms.
e Complete Antarctic winter-over studies of human pro- and anti-inflammatory
cytokine balance in subjects excreting virus.
e Complete study of latent viruses EBV and JCV excretion in Antarctic winter-over
human subjects and match data results with those of subjects with altered cytokine
balance.
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Match immune and viral study data with psychological profile study of Dr. Joanna
Wood on Psychosocial Team.

Complete study of HPA axis in AOS mice to determine role of catecholamines in
lowering immune resistance factors.

Begin radiation studies of murine model to determine extent of immune compromise
and how these animals handle latent virus challenge and whether they develop
lymphoreticular malignancy.

Quantitate immune responses in irradiated and virus-challenged mice and determine
effects of radiation on degree of immunosuppression and reactivation of virus.

Begin in vitro study of proton, gamma. and heavy metal radiation on human
pleuripotential bone marrow and peripheral blood stem cells and the myelogenous and
lymphocytic differentiation pathways leading to malignancy.

Determine immune system gene expression profiles in AOS mice before and after
virus infection, with and without radiation exposure.

Begin study of apoptosis in thymocytes of AOS mice to determine effects upon
education and selection of lymphocytes.

Determine TH1 vs. TH2 cytokine profile in AOS mice and effects of immune
mediators upon regulation of bone metabolism.

Increase the specificity of nucleic acid and molecular beacon probes for early
detection of microbial contamination of water supply in spaceships.

Objective 1C-2C. Develop countermeasures.

Goal 3:

Form strategic plan for general and specific immunoreconstitution of astronauts based
upon the deficits uncovered in exploring the mechanisms of space flight
immunodeficiency (see above).

Based upon current treatments of immunodeficient humans on Earth (i.e., genetically
immunodeficient patients, immunosuppressed transplant patients. patients with
rheumatoid arthritis. patients with AIDS). plan to adapt therapies involving parenteral
immunoglobulin, cytokines. chemokines. monoclonal antibodies. fusion proteins. and
autologous stem cells for astronauts who develop secondary states of
immunodeficiency in space travel.

Based upon current and developing treatment regimens for viral infection (e.g..
gancyclovir for cytomegalovirus). plan to adapt therapies for astronauts who become
infected or re-infected with opportunistic and reactivated viral infections.

Based upon current and developing experimental treatments of cytokine-mediated
(e.g.. tumor necrosis factor-alpha) wasting disease. plan to adapt such treatments (e.g..
thalidomide) for use in astronauts who develop wasting disease in space due to
abnormal TH1 vs. TH2 cytokine balance and apoptosis of lymphocytes.

Work with Nutrition Team (Dr. Joanne Lupton) to devise nutritional supplements that
augment innate and acquired immunity.

Work with Performance and Psychosocial Teams to provide adequate rest periods for
astronauts to restore lymphocyte health.

Reduce risk of space flight-induced development of superstrains of microbial
organisms.

Objective 3A. Assess risk and target level of acceptable risk.

Objective 3B. Determine mechanisms.

Isolate and genotype gut flora of irradiated and AOS mice.
Perform resistance assays of microbes recovered from radiation experiments.



Objective 3C. Develop countermeasures.
e Investigate effects of immunotherapy (e.g. monoclonal antibodies) on drug-resistant
microbes.

Goal 4:  Develop Earth-based applications of space flight studies to help diagnose and treat
humans with secondary immunodeficiencies, reactivated viral infections, and
malignancy.

Objective 4A. Plan for the future when space flight diagnosis and treatments are being
utilized for astronauts with immune compromise, opportunistic infection, and possibly
cancer.
e Explore use of T cell count and cytokine balance as indicators of immune
compromise.
e Continue efforts to expand microbial detection system to include viruses.

Objective 4B. When such methods of diagnosis and modes of treatment of astronauts in
space become a reality, determine whether these methods. dictated by the unique features of
space travel (e.g., microgravity, strict regulation of diet. enforced rest periods). might be
applied in diagnostic methods and treatment programs on Earth.

Goal 5:  Integrate research and analysis.

Objective SA. Integrate research within the Immunology. Infection. and Hematology Team:
e Continue current integration efforts described in Table 6.2.

Objective 5B. Integrate research with other teams using modeling. as well as other
approaches:
e Enlarge collaboration with Radiation Effects Team. Add Dr. Daila Gridley of LLU to
team. if her NSBRI grant application is accepted.
e Continue collaboration with Psyvchosocial Team (Dr. David Dinges. Dr. Joanna
Wood). NASA (Dr. Duane Pierson). and ANARE (Dr. Desmond Lugg) in analyzing:
1) immune factors. 2) virus reactivation. and 3) psychological profiles of Antarctic
winter dwellers in a synergy project (submitted to NSBRI for funding [12-13-01}).
e Develop joint projects with Nutrition Team (Dr. Joanne Lupton)
e Develop joint projects with Bone Metabolism Team (Dr. Jay Shapiro)

Objective 5C. Integrate research with investigators not formally associated with the NSBRI.

e Continue collaboration of team with Dr. Desmond Lugg (ANARE). Dr. I. Larina
(IBMP). Dr. Duane Pierson (NASA). Dr. Marcelo Vazquez (NSBRI radiation team)
and Dr. Elizabeth Sutherland (BNL). and Dr. Daila Gridley (LLU).

6.6 SUMMARY

The essence of the challenge facing the investigators of the Immunology. Infection. and
Hematology Team is depicted in Figure 6.2.
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FIGURE 6.2
Conditions of long-term spaceflight that may weaken cells of the immune system.
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The voyage to and from the planet Mars is estimated to consume 3 years. During that time, human space travelers will be
exposed to stress, microgravity. isolation, containment. sleep disruption. microbial contamination. and solar radiation (up
10 3 Gy of proton and gamma radiation). All of these conditions are known or suspected causes of immunosuppression.
which is possibly sufficient to lead to reactivation of latent viral infections and malignancy. The immune cells that may be
susceptible to these causes of immunosuppression include the bone marrow stem cell (CD34"). helper T-cell (CD4"),
cytotoxic T-cell (CD8"), B-cell (CD19"), monocyte-macrophage (CD167) and natural killer cell (CD56"). Because of the
inherent difficulties of assessing these risks in space flight, ground-based models that incorporate some of the conditions
of long-term space flight offer the best hope of adequately predicting the harm that may occur to the human immune
system in interplanetary travel. Taken from Shearer WT. et al. Antibody responses to phiX-174 in human subjects
exposed to the Antarctic winter-over model of spaceflight. J Allergy Clin Immunol 2001:107: 160-164.

All of the risk factors affecting cells of the immune system by themselves are known to represent
risks to earthbound inhabitants. Solar radiation, for example. is known to cause melanomas of
the skin, a tumor that is controlled by T-cells. As humans age, T-cell immunosurveillance
weakens, and these forms of cancer appear. Unpublished studies by NASA have already shown a
3-fold increased incidence of skin melanomas in astronauts as compared to earthbound NASA
employees (295 astronauts compared to 909 controls. Longitudinal Study of Astronaut Health.
Surveillance Epidemiology, and End Results Program). Another example is that of reactivated
latent viruses. leading to unregulated growth of B-cells and non-Hodgkin lymphomas.

The role of the team is to scientifically define and quantitate the potential harmful effects of the
conditions of space travel upon human immune responses and health. Foremost in our eftorts
will be the constant search for countermeasures to the risks that we define and quantitate. We are
not content to merely document the probability that space risk factors exist and are likely to
create infections and cancer in astronauts. We want to use the immunological reagents and
procedures that are already in use for humans with immunodeficiency on Earth for our astronauts
whose immune responses are jeopardized by the immunosuppressive conditions of space travel.
We have made progress so far in our team rescarch. and a timeline for the strategic activities for
each of our Goals is presented in Table 6.3. For Goal 1 (Table 6.3A). the team is already well
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into the Countermeasure Development Phase 1 (Focused Mechanistic Research) and beginning to
enter Phase 2 research (Preliminary Countermeasure Development Research). We expect to
complete Phase 2 research by 2009, but overlapping with development of Phase 3 research
(Mature Countermeasure Development Research) by 2006-2010. We anticipate beginning Phase
4 research (Countermeasure Evaluation and Validation) during 2009-2011 and Phase 5 research
(Operational Implementation of Countermeasure Strategy) during 2011-2012. Similarly, with
Goal 2 (Table 6.3B) and Goal 3 (Table 6.3C), we anticipate a steady and progressive
development of team research from the present Phase 1 level to Phase 5 level over the next 10
years.
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National Space Biomedical Research Institute

IMMUNOLOGY, INFECTION AND HEMATOLOGY

Table 6.1. Project Research Activities

P1/Project

Risk(s)
Addressed

Countermeasure

Target

Experimental
System

Phase 1
Activities:
Focused
Mechanistic
Research

Phase 2
Activities:
Preliminary
Countermeasure
Development
Research

Phase 3
Activities:
Mature
Countermeasure
Development
Research

BUTEL/Viral Infections and
Mucosal Immunity

Pharmacological
Agents

AOS:; IR; Humans

Detect immune
damage: Measure
infection

Formulate antiviral
reagents

FOX/Microorganisms in the
Spacecraft Environment

Pharmacological
Therapy

Microbes

Develop microbe
detection system

Perfect microbe
detection system

Flight test
detection system

GEWIRTZ Effect of Deep
Space Radiation on Human
Hematopoietic Stem Cells

Stem Cell Therapy.

Cancer
Chemotherapy

In Vitro Stem
Cells

Detect damage to
stem cells

Formulate autologous
stem cell transplant

Test stem cell
Transplantation in
space

SHEARER Space Flight
Immunodeficiency

Antibody Therapy,

Stem Cell Therapy

IR:
Humans

Measure apoptosis
in thymocytes

Adapt Earth Rx
strategies

Perform Rx in space

SHI'Endogenous Opioid-
Mediated Fas Expression in
Stress-Induced Lymphocyte
Apotosis

Cyvtokine Therapy

AOS. IR

Measure HPA in
AOS, IR

Formulate drug
treatment program

SONNENFELDSuspension,
the HPA Axis and Resistance
to Infection

Risks Key:

Pharmacological
Therapy

Malignancy: 5) Altered microbes

Detinitions:

AOS.(IR

Determination of
role of different

stressors on immune

response

Microbes. microbial detection systems; HPA. hypothalamic pituitary axis: Rx, treatment
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Formulate anti-stress
program

Test program in
space

1) Radiation damage to stem cell and immune system: 2) Microgravity damage to immune system. 3) Reactivation of latent viral infections; 4)

AOS. anti-orthostatically suspended murine model: IR, irradiated mice: Humans, humans exposed to Antarctic winter or isolation in capsules;




Table 6.2. Integration Activities

BUTEL

National Space Biomedical Research Institute
IMMUNOLOGY, INFECTION AND HEMATOLOGY PROGRAM

FOX

GEWIRTZ

SHEARER

SHI

SONNENFELD

Internal
Communication
(E-mail, telecons,
retreats, scientific
meetings for all
projects)

e Shearer

* Sonnenfeld

e Fox

o Gridley (LLU)
s Lugg (ANARE)
e Pierson (NASA)
e Larina (IBMP)

s Butel
¢ Sonnenfeld

e Shearer

e Shi

e Sutherland
(BNL)

¢ Butel

o Gewirtz

¢ Fox

o Shi

* Sonnenfeld

¢ Gridley

* Lugg

* Pierson

¢ Dinges
(Psych)

¢ Sonnenfeld
e Butel

e Shearer
e Butel
¢ Vazquez (Rad)

Integrated
Experiment
Development

Model Radiation and AOS
Studies

¢ Shearer
o Gridley {.arina
* Reuben Lugg
¢ Sonnenfeld Fox

Pierson

Collaborative Gene
Probe Studies

» Butel

e Sonnenfeld

Model Radiation
Studies

¢ Reuben

e Shearer

Model Radiation and
Human Exposure Studies
¢ Butel

¢ Reuben

e Lugg

o Gridley

Model AOS
Studies
e Gewirtz

Collaborative Gene
Probe Studies

* Butel

e Fox

Sample Sharing

Blood. Urine
e Shearer
¢ Reuben
e Larina

Microbes
* Butel
¢ Sonnenfeld

Stem Cells
e Reuben
e Shearer

Blood

¢ Butel

e Reuben
e Dinges

Blood
e Sonnenfeld
¢ Butel

Blood
e Vazquez

Synergistic Studies
of Opportunity

Antarctic Winter
o Shearcr
e Lugy

e Pierson

Radiation, AOS
o Butel
¢ Sonnenfeld

Radiation

¢ Reuben

e Shearer

¢ Kennedy
(Rad. Team)

Antarctic Winter, Sleep
Deprivation

s Butel

¢ Dinges

* Lugg

Radiation
e Sutherland
o Kennedy

Radiation, AOS
s Butel

Development of
Computer Model of
Integrated Human
Function

Definitions: ANARE. Australian National Antarctic Research Expedition; NASA_ National Aeronautics and Space Administration; IBMP, Institute for Biomedical Problems, Moscow;

LU, Loma Linda University: Psych. Psychosocial Team; Rad, Radiation Effects Team: BNL, Brookhaven National Latoratory; AOS, Antiorthostatic Suspension
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National Space Biomedical Research Institute
IMMUNOLOGY, INFECTION AND HEMATOLOGY TEAM PROGRAM

Table 6.3A. Achieving Goal 1: Reduce Risk of Space Flight Conditions (Isolation, Containment, Stress, Microgravity, Radiation)

Damaging the Human Bone Marrow Stem Cell and Differentiated Immune Cells

Countermeasure Development Phases

Pre
2001

2001

2002(2003|2004|2005(2006/2007|2008|20092010

2011

2012

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

o Define radiation damage to immune system in animals

¢ Define microgravity damage to immune system in animals
e Define latent virus damage to immune system in animals
e  Measure virus excretion in Antarctic-bound humans

o Develop surrogate markers of immunity for space

Phase 2: Preliminary Countermeasure Development Research

s Adapt antibody therapy to space travel
e Adapt cyvtokine therapy to space travel
o  Develop space immunization strategies
¢ Develop radiation shielding methods

o Plan stem cell therapy in space

B

Phase 3: Mature Countermeasure Development Research

e  Perfect and test ready-to-use antibody auto injectors
e Perfect and test cvtokine auto injector system
s  Safety study of space vaccines

e Safety study of autochthonous (self) stem cell transplants

Phase 4: Countermeasure Evaluation & Validation

o Efficacy study of Phase 3 countermeasures (above)

Phase 5: Operational Implementation of Countermeasure Strategy

e  Spacecraft trial of countermeasures
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National Space Biomedical Research Institute
IMMUNOLOGY, INFECTION AND HEMATOLOGY TEAM PROGRAM

Table 6.3B. Achieving Goal 2: Reduce Risk of Astronauts Developing New and Reactivated Infections, Premature Immune Cell Death,
and Malignancy

Countermeasure Development Phases Pre |2001]2002|2003 {2004 (200520062007 | 2008 2009 2010|2011|2012
2001

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

e Measure virus excretion in Antarctic-bound humans
e Measure tumorigenesis in irradiated‘virus-infected animals

¢ Study malignant transformation in iradiated human stem cells

¢ Study additive effect of malnutrition on tumorigenesis

s Develop surrogate markers for premalignancy

Phase 2: Preliminary Countermeasure Development Research

e Develop radiation shielding methods (chemical, physical)
o Develop oncogene array assays for gene targeting
o Adapt cyvtotoxic T-cell rescue of EBV tumors for space

¢ Develop cancer virus vaccine for space

Phase 3: Mature Countermeasure Development Research

e Safety study of radiation blockers {animals)

o Safety study of cancer gene promotor inhibitors (animals)

o Safety study of ant- EBV tumor T-cells (humans)

o Safety study of cancer virus vaccine (humans)

Phase 4: Countermeasure Evaluation & Validation

o Efficacy studies of Phase 3 countermeasures (above)

Phase 5: Operational Implementation of Countermeasure Strategy

e Spacecraft trial of countermeasures
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National Space Biomedical Research Institute
IMMUNOLOGY, INFECTION AND HEMATOLOGY TEAM PROGRAM

Table 6.3C. Achieving Goal 3: Reduce Risk of Space-Flight-Induced Development of Superstrains of Microbial Organisms

Countermeasure Development Phases

Pre
2001

2001[2002{2003(2004|2005|2006 2007

2008

2009

2010(2011}2012

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

o Genotype gut flora of irradiated mice
s Perform resistance assays of organisms of irradiated mice

e Combination of microgravity and radiation to determine microbe virulence
assay’s

e Adapt Fox gene probes to viral organisms

Phase 2: Preliminary Countermeasure Development Research

e Develop monoclonal antibodies to resident organisms
e Develop cytokine therapies to augment cytotoxic T-cells
e Develop fusion proteins specific for receptors on cancer cells

e Develop toxin-antibody conjugate molecules for cancer

Phase 3: Mature Countermeasure Development Research

o Safety study of monoclonal antibodies
o Safety study of cytokine activation of T-cells
s Safety study of fusion proteins for cancer

o Safety study of toxirrantibody conjugates

Phase 4: Countermeasure Evaluation & Validation

e Efficacy study of Phase 3 countermeasures (above)

Phase 5: Operational Implementation of Countermeasure Strategy

e Spacecraft trial of countermeasures
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7.0 MUSCLE ALTERATIONS & ATROPHY

Team Leader: Kenneth M. Baldwin, Ph.D.
Professor
Department of Physiology and Biophysics
University of California, Irvine
Medical Sciences I, Rm. D340
Irvine, CA 92697-4560
049-824-7192
949-824-8540 FAX
kmbaldwi@uci.edu

7.1 INTRODUCTION

Previous research involving both humans and animals clearly indicates that unloading the
skeletal muscle system through prolonged space flight or bed rest causes a cascade of negative
events within the body. Muscle mass is reduced and although the mechanism for this response is
not known for certain, the atrophy is thought to be due to an imbalance between protein synthesis
and protein degradation within the targeted fibers. Muscle strength is also reduced, leading to a
decrease in physical performance and high power output capacity. However. the reduction in
strength often exceeds the loss in muscle mass, suggesting that other. more complex mechanisms
may be responsible for the reduced performance. A slow-to-fast shift in the contractile protein
phenotype is observed. including shifts to faster myosin heavy chain (MHC) and calcium cycling
proteins. These alterations induce the muscle fibers to become less economical in sustaining
force output, resulting in an increased fatigability. This decreased resistance to fatigue is
important because it could cause functional impairment that would affect the performance of
extravehicular activity in space and emergency egress activity following landing. It is reasonable
to suspect that the above changes will also make muscle more prone to injury than would
otherwise be the case and that weaker muscles would result in an increased susceptibility to
accidents that could cause damage to other systems. such as bone or connective tissue.
Deleterious alterations in muscle properties may also be closely linked to changes in the ability of
the nervous system to accurately control movements. All these effects could alter astronaut
safety when performing any type of work in space.

7.2 RISKS

The following risks in the Muscle Alterations and Atrophy Discipline Area have been identified
in the Critical Path Roadmap (risk number in parentheses):

e Loss of Skeletal Muscle Mass, Strength. and/or Endurance (28)

e Inability to Adequately Perform Tasks Due to Motor Performance. Muscle Endurance,
and Disruption in Structural and Functional Properties of Soft and Hard Connective
Tissues of the Axial Skeleton (29)

e Inability to Sustain Muscle Performance Levels to Meet Demands of Performing
Activities of Varying Intensities (30)

e Propensity to Develop Muscle Injury. Connective Tissue Dysfunction. and Bone
Fractures Due to Deficiencies in Motor Skill. Muscle Strength and Muscular Fatigue (51)

 Impact of Deficits in Skeletal Muscle Structure and Function on Other Systems (32)



Since several of these risks are operationally defined and interdependent, it is difficult to organize
and develop a focused research program based on this set. Therefore, we have chosen to redefine the
risks in this research area as follows:

e Loss of muscle mass, strength and endurance;

e Loss of motor control/movement performance due to changes in neural control;

e Proneness to muscle injury; and

e Impact of degeneration of muscle or increased injury of muscle on other systems such as

bone and connective tissue.

This set of four risks underlies the risks listed in the Critical Path Roadmap and is less interdepend-
ent.

7.3  GOALS
The Muscle Alterations and Atrophy Team has the following goals for its program:

Risk-Based Goals

Goal 1: Reduce risk of loss of muscle mass, strength and endurance

Goal 2: Reduce risk of loss of motor control/movement performance due to changes in neural
control

Goal 3: Reduce risk of proneness to muscle injury

Non Risk-Based Goals

Goal 4: Develop monitoring methods using hiochemical/molecular markers to predict potential
anabolic and catabolic states in muscle

Goal 5: Develop rehabilitation methods (nutritional, pharmacological. and exercise-specific
agents) that are effective in treating loss of muscle mass, strength and endurance

Goal 6: Develop Earth-based upplications of exercise training paradigms (o ameliorate
problems of frailty, injury, morbidity, and mortality that are associated with the aging
process, degenerative muscle disorders. and inactivity-related disorders

Goal 7: Integrate research and analysis
7.4  DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The Muscle Adaptation and Alterations team (Muscle Team) will seek to reduce most but not all
of the identified risks defined in section 7.2 above. In particular. we are not addressing the fourth
of the risks listed in that section. dealing with the impact of muscle degeneration or injury on
other systems. While it is apparent that there is important synergy between the properties of
skeletal muscle and bone. the bone and connective tissue properties can be studied more
cffectively by the experts in the bone discipline field by exploiting models that affect both
skeletal muscle and bone. The Muscle Team views Goal 1. Reduce risk of loss of muscle mass.
strength and endurance. as its primary goal. This goal underlies the Team’s rescarch program to
prevent or minimize the deleterious adaptations of the structure and function of skeletal muscle



in response to the prolonged states of unloading occurring in space flight. Importantly, the
amelioration of these deficits will have an inherent beneficial effect in reducing the other,
secondary, risk-based goals (Goals 2 and 3) that concern the motor control of muscle function
and/or movement performance and the reduction of the proneness of weakened skeletal muscle to
injury. Due to budgetary constraints that limit the current size of the investigative team, these
two goals, though important, will not be a major focus at the present time. Future research
efforts in addressing these secondary goals will evolve as the program is expanded. Additional
non risk-based goals include those associated with the assessment of health and application of
medical care, transfer of information to Earth-based applications, and facilitation of integration
of research and analysis.

In 2001, the Muscle Team’s research program was totally restructured. The current team is
comprised of ten principal investigators, seven of whom are new NSBRI investigators. The
restructuring involved a significant refocus and a shift in the team’s research objectives. Table
7.1, entitled “Current Project Research Activities,” summarizes for each current Muscle
Alterations and Atrophy Team project those risks that are currently being addressed. the
experimental system, the countermeasure target and whether a project is part of the strategic
steps of Phase 1, 2 or 3 Activities.

All projects directly or indirectly address the critical problem of muscle atrophy and the
corresponding loss in muscle strength and human performance. The Baldwin. Goldberg. and
Antin projects seek a better understanding of the mechanisms associated with the imbalance in
protein synthesis and protein degradation. The Goldberg and Antin projects. while addressing
mechanisms of degradation, focus on different. but complementary processes that impact protein
loss. The Antin project examines calpain and its role in the regulation of the rate of muscle
protein accumulation and the potential use of inhibitors of calpain mechanisms as
countermeasures in animal and cellular models. The Goldberg project. alternatively. uses animal
and human models to seek to clarify the basis of activation of the ubiquination pathway in
unloaded muscles and whether inhibitors of this pathway may be a countermeasure to muscle
atrophy. The Baldwin project uses an animal model to directly examine the switch in muscle
protein phenotypes that is associated with muscle unloading and to develop a resistance exercisc
program that ameliorates muscle atrophy and prevents phenotype switch in response to space
flight. In addition. Baldwin's group is interacting with scientists outside the NSBRI. such as Dr.
Suzanne Schneider at the University of New Mexico and Dr. Per Tesch at the Karolinska
Institute. who are directing research projects that seek resistance training countermeasures to
prevent muscle atrophy in human subjects in response to ground based models of unloading.

The Kandarian (rodent) and Hamilton (human) projects are determining which key genes are
involved in both atrophy and hypertrophy processes using functional genomics and global
transcriptional profiling. By examining the expression of ~8.000 genes simultaneously over a
time course of unloading. the Kandarian project will uncover patterns of gene expression
underlying muscle atrophy. By using a variety of clustering approaches and by comparing the
gene expression data set to that in the literature from hypertrophied. aging. and cachextic muscle
(Goldberg lab). clusters of gene expression unique to muscle unloading will be revealed. These
data will also be compared to the human dataset produced by the Hamilton project. The genes
and gene clusters that are uniquely altered by disuse will be studied in further detail (by various
investigators) to determine their role during disuse/unloading atrophy. Work recently published
from this lab showed that unloading activated an NF-kB pathway. so the effect of NF-kB
inhibitors (c.g.. asprin. curcumin) will be tested for their ability to ameliorate atrophy and reverse
the affected gene clusters.
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Focusing mainly on Ca’*-sensitive processes, the Wiseman project will provide insight into cell
signaling and regulatory factors that control the protein phenotype and the metabolic capacity of
isolated muscle cells. Direct manipulation of cytosolic Ca®" levels may stave off changes in
muscle upon unloading. The Reid project will dissect the role of both ionizing radiation and
reactive oxygen species on mechanisms of muscle fatigue, as well as muscle atrophy processes in
animals and cultured cells. Antioxidants will be tested as potential countermeasures to these
effects in human subjects. The Sinha/Edgerton project will use humans to dissect the effects of
unloading on stress/strain function in skeletal muscle and determine how muscles may become
prone to injury in the face of atrophy and loss of strength. It will also examine its MRI
technology for potential use for evaluation of exercise countermeasures using the human lower
limb suspension model.  Additional interactions are evolving among the Goldberg,
Sinha/Edgerton and Baldwin projects, as well as between the Hamilton and Sinha projects.
These groups aim to establish “ground zero baselines™ that define the mechanisms of muscle
atrophy by using the spinal isolation model where animals have complete inhibition of
neuromuscular activity.

Complementing the above projects are two additional projects that were originally part of the
Integrated Human Function Team. However, due to restructuring within NSBRI program
objectives, two projects were reallocated to the Muscle Team. since they were clearly congruent
to the goals of the Muscle Team as outlined above.

The Kushmerick project uses a combination of non-invasive 'p and 'H-NMR spectroscopies,
MR and ultrasound functional images, biomechanical analyses and multi-level modeling in order
to conduct analyses leading to an integration of the metabolic and mechanical mechanisms of
human muscle. Analysis of limb function is crucial to plan training and to select personnel for
optimal efficiency and economy with minimal risk and fatigue. The basic science of this
proposal evaluates the mechanisms responsible for transient and steady state performance of limb
muscle. which is critical for astronaut performance. This analysis requires the specification of:
1) the mechanical power output by specific muscles during limb functions: 2.) the analysis of the
properties of different muscles in the same individual and of the same muscles in different
individuals: 3.) the partition of energy demand into mechanical output and ion transport costs: 4.)
the division of metabolism quantitatively between glycolytic and oxidative processes and
analysis of their inter-related controls: and 5.) the relationship between these intracellular and
mechanical properties and muscle blood flow and perfusion. These experimental approaches and
information are crucial to develop a model-based approach to the study of in vivo muscle energy
balance in humans because the relevant data is not available and more importantly. and because
the conceptual basis for integrating the component cellular mechanisms can only be evolved
from these new observations.

The Chase project. while originally targeted to the Intcgrated Human Function Team also
provides an excellent fit with the existing Muscle Team. The overall goal of this project is to
produce a muscle cell model (digital cell) that will: explain biomechanical adaptations that occur
with alterations in muscle protein isoforms due to changes in activity level: predict bioenergetic
changes associated with changes in activity level: and be integrated into computational models of
human limb and heart. The essential molecular and subcellular components of the model will be
identified and algorithms constructed based on experimental data obtained in a controlled
environment. The cell model will be tested against published biomechanical and bioenergetic
data obtained under a broad spectrum of environmental conditions. The muscle cell model will
be one of the main building blocks for constructing a model of integrated human function
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because the cell is the basic unit of physiological organization and because the musculoskeletal
system is ~80% of body mass, thus a major determinant of energy consumption, and is
responsible for movement and cardiovascular function. This particular project will closely
interface with both the Kushmeric projects and the Wiseman projects as described above.

We anticipate that as the ground-based research matures, over time, three fundamental counter-
measure strategies will be applied to ameliorate skeletal muscle dysfunctions. These include:
1) Different forms of preflight and inflight physical exercise with activity-unique prescrip-

tions:

A resistance training prescription to maintain muscle mass and strength.

Studies conducted to date on both animals and humans clearly suggest that
exercise paradigms of the high resistance type are only partially effective in
reducing muscle atrophy. Future research needs to: a) Utilize human experiments
to define the success of resistance paradigms using ground-based models that
induce atrophy (bed rest. limb suspension). This effort should be carried out by .
interactions both within and outside the muscle team. b) Understand the
mechanism(s) behind the partial effectiveness of resistance training. ¢) Define a
better exercise prescription that is more effective in reducing muscle atrophy. as
well as. more economical in terms of the time devoted to performing such a
countermeasure on a daily basis.

An aerobic exercise paradigm that would improve both cardiovascular fitness and
skeletal muscle endurance.

Aerobic exercise is an important countermeasure for both skeletal muscle and
cardiovascular endurance. While it is recognized that activities such as running
and cycling are effective in enhancing endurance in normal weight bearing modes.
it remains to be determined whether these paradigms are effective when used with
individuals experiencing chronic states of unloading even when performed in
conjunction with resistance training paradigms. Activities carried out with both
human (Hamilton) and animal models (Baldwin) will be developed in the next
few years to provide insight into this issue.

An activity paradigm that would specifically targel the sensory-motor pathways to
maintain posture. balance and locomotor skills.

This type of activity is an important part of a total exercise prescription. and future
research projects need to be sought to address this issue using new funding
initiatives.

An impact-loading paradigm that could conceivably affect both the skeletal
muscle system and the skeletal systems to stimulate/maintain bone homeostasis.
While it has been recognized that stress/strain reaction forces impact both muscle
and bone. research addressing whether there are synergistic/interactive effects of
bone stress on muscle and vice versa is still in the infant stages. A visionary goal
of the muscle team is to address this problem in future research projects. This
research could be facilitated by interactions with both the Bone and Nutritional
Teams.

2) Human-powered artificial gravity (gravity-equivalent exercise).
Funding augmentation should be sought to begin studies using artificial gravity
(human-powered centrifuge) as an alternative countermeasure strategy. These
activities need to be a high priority for flight testing. because this activity paradigm
has the potential to encapsulate all four of the above mentioned exercise-type
prescriptions and positively add to the bone. cardiovascular. vestibular. and
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nutritional/fitness countermeasure strategies. It is envisioned that the Muscle Team
will take a lead role and undertake a multifaceted, integrative research project
involving the Neurovestibular, Cardiovascular, Bone, and Nutrition/Physical Fitness
research Teams to address these fundamental overarching physiological problems
using artificial human-generated gravity equivalent exercise as the centerpiece in the
countermeasure program.

3) Novel nutritional, pharmacological and hormonal/growth factor approaches
These activities are being explored in the current funding period. In particular, the
gene chip analyses currently underway will contribute significantly to the collective
research effort.

In the future, as more resources become available, we would like to seek funding for projects
which address the relationship of muscle tissue changes with actual movement performance and
that strive to differentiate between problems associated with neural control versus muscle tissue
effects (Goal 2). Additional projects examining the proneness of weakened muscle to injury
should also be sought (Goal 3). These projects will build off of the fundamental knowledge
generated by the combined Sinha, Kushmeric and Chase projects.

Some progress has already been made in achieving the first of the non risk-based goals, e.g..
Goal 4, “Develop monitoring methods using biochemical/molecular markers to predict potential
anabolic and catabolic states in muscle™. In the current funding period. several genes and their
encoded proteins have been identified that could play key roles in muscle homeostasis and that
could be used as markers. For example. Goldberg's team has identified a novel gene, termed
atrogin 1. that may play a pivotal role in regulating muscle-wasting disorders. The Kandarian
team has revealed 16 different genes encoding proteasome subunits and 5 ubiquitination genes
(including atrogin-1) that are upregulated with unloading. but the ubiquitination genes are
upregulated earlier and to a greater magnitude than the proteasome genes. This effect is a
distinctly different catabolic response to that seen with aging. for instance. This example is one
of many examples of differentially expressed gene clusters revealed by the Kandarian project.
Also. the Baldwin group has shown that atrophying skeletal muscles of rodents and humans
initially undergo marked losses in ribosomal RNA that serve as the machinery for translating the
protein necessary for maintaining muscle mass. Additionally. growth factors (IGF-1 and
mechano growth factor) have been identified that appear to be essential in turning on anabolic
processes and inhibiting catabolic states in muscle undergoing an altered loading state. Thus. it
is anticipated that a cadre of molecular markers will be identified that can be used to assess the
state of the muscle in astronauts. By controlling the expression of the genes for these important
proteins, we may also be able to maintain the muscle from one functional state to another. In the
future. the monitoring methods that we develop for use with the astronauts will also have direct
applicability for addressing a variety of Earth-based problems associated with muscle disorders
due to inactivity, disease. and sports mnjury.

Two other non risk-based goals (Goals 5 and 6) are important aims of the Muscle Team's
research mission. The future vision of the program will involve expanding the knowledge of
muscle cell structure and function and the operational activity regimens so that we can best
design rehabilitation methods that overcome the muscle deficits that occur in astronauts in
response to prolonged space flight (Goal 5) and the well-known effects of aging on skeletal
muscle that closely mimic these effects (Goal 6). Regimens similar to the successful preflight
training paradigms may likewise be used as preventative measures for the cffects of aging on
muscle. Similar preventative and rehabilitative methods may also aid a variety of muscle

97



degenerative disorders and inactivity-related diseases (e.g. type [1 diabetes) that severely impact
large populations of individuals. Thus, Earth-based applications addressing problems of frailty,
injury, morbidity, and mortality that are associated with Earth-based disorders represent an
important outcome of the Muscle Program. To these efforts, the expertise currently on board the
muscle Team (Sinha, Kushmerick, Hamilton, and Chase Projects), should play a significant role
in advancing Goals 5 and 6.

Another important non risk-based goal of the Muscle Team (Goal 7) will be to enhance the
interaction of individual Muscle Team investigators a) among the current team’s research
infrastructure, b) among investigators within other teams (Bone. Nutrition and Fitness.
Neurovestibular, Cardiovascular), and c) with investigators not formally associated with the
NSBRI. This strategy should provide an effective means to leverage a greater scientific return
relative to the resources invested by the NSBRI. Table 7.2 summarizes our current efforts at
integration. A few examples of integration of the Muscle Team with other teams or researchers
outside of the NSBRI are as follows: Dr. Baldwin currently serves as a co-investigator on Dr.
Shapiro’s Bone Team research project that investigates the effects of bisphophonates on the
integrity of bone and skeletal muscle. He is currently interacting with Dr. Ann Kennedy of the
radiation team in testing a novel protease inhibitor for its properties in preventing muscle wasting
in conjunction with resistance exercise using rodents as the model system. Also. Dr. Baldwin is
collaborating extensively with investigators external to the NSBRI program in seeking
countermeasures to muscle atrophy in human models of atrophy (both bed rest and limb
suspension models). These interactions are with Dr. Suzanne Schneider at the University of New
Mexico and with Dr. Per Tesch at the Karolinska Institute in Stockholm, and these projects are
using novel resistance training devices and innovative training programs that are aimed at
preventing muscle atrophy. As another example of integration from the Muscle Team. the
modeling work of Dr. Kushmerick and Dr. Chase will serve to integrate the team with the other
NSBRI teams as part of the Core Integrated Human Function effort.

7.5  OBJECTIVES AND STRATEGIC ACTIVITIES

Presented here are the objectives underlying cach goal and the strategic activities that we plan to
use to achieve the goals and objectives of our program. Table 7.3 summarizes the timeline of the
Muscle Team's strategic activities for Goal 1. The other goals are stll being developed and will
not be summarized in a similar table.

Goal 1: Reduce risk of loss of muscle mass. strength and endurance
Objective 1A. Assess risk and target level of acceptable risk
e Complete activities to achieve this objective which are currently a part of the projects in
which Dr. Baldwin's group is interacting with outside investigators using resistance
training with bed rest studies (in collaboration with Dr. Schneider) as well as using
human models of limb suspension in combination with concentric/eccentric resistance
exercise (in collaboration with Dr. Tesch).
Objective 1B. Determine mechanisms
e Complete projects defining the underlying processes that cause the catabolic muscle state
and develop a better understanding of the processes regulating muscle protein degradation
(Antin. Goldberg. Kandarian. Hamilton. and Baldwin projects).
e Complete projects defining the mechanism of the slow-to-fast shift in contractile protein
phenotype (e.g.. shifts to faster myosin heavy chain and calcium cycling proteins) upon
muscle unloading (Wiseman and Chase projects ).
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e Complete project that seeks insight into the role that reactive oxygen species play in
causing muscle atrophy processes (Reid project).

e Complete projects defining muscle loading-sensitive genes using both animal and human
subjects with the intent to ultimately determine new approaches to regulating protein
balance in skeletal muscle (Hamilton and Kandarian projects).

o Complete projects that address the stress- strain relationship in skeletal muscle of subjects
with tendon injuries and muscle weakness due to atrophy processes; and assess the
metabolic states of muscle in performing different types of activity (Sinha/Edgerton and
Kushmerick projects).

e Initiate a project that determines effects of artificial gravity (such as human-powered
centrifuge) on muscle. (This possibility depends on resources coming available by
NASA, NSBRI, and NIH.)

e Initiate more projects in humans exploring the reduction of muscle atrophy by resistive
exercise.

Objective 1C. Develop countermeasures

e Complete current animal and human projects with collaborators outside of NSBRI
(Baldwin Project) and initiate new projects in humans defining and testing potential
preflight and inflight activity paradigms (such as different types of resistive exercise
training) that create an anabolic state in muscle, ameliorating atrophy processes. Expand
to involve the bed rest model and include nutritional interventions (antioxidants and
amino acid supplements. etc.) in collaboration with the Nutrition and Fitness Team (see
below under Integration Goal).

e Complete current projects that seek pharmacological interventions that can blunt the
processes of muscle protein degradation or other effects of muscle unloading (Antin,
Kandarian. and Goldberg projects.) Expand to involve co-examination of exercise and
pharmacological agents as joint countermeasures.

e Complete current study on the role of antioxidants as a nutritional countermeasure
strategy to muscle atrophy (Reid project). This project could evolve to include projects in
which amino acid supplements and antioxidants arc used in combination with resistance
exercise studies involving the animal model of Baldwin’s group.

e Initiate studies to determine whether artificial gravity can be a good alternative
countermeasure strategy for muscle degeneration.

Goal 2: Reduce risk of loss of motor control/movement performance due to changes in neural
control
Obijective 2A. Assess risk and target level of acceptable risk
Objective 2B. Determine mechanisms
e Seek new funding initiatives and initiate studies that determine the relationship of muscle
tissue changes with actual movement performance and differentiate mechanisms
associated with neural control from muscle tissue effects that could change the ability of
the nervous system to accurately control movements and regulate the properties of muscle
strength.
Objective 2C. Develop countermeasures

Goal 3: Reduce risk of proneness to muscle injury
Objective 3A. Assess risk and target level of acceptable risk
Objective 3B. Determine mechanisms
e Complete study to determine unloading sensitive genes in animals and humans that target
inflammatory processes and signaling pathway molecules (Kandarian and Hamilton
projects).
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e Complete study examining stress-strain in muscle during atrophy and recovery
(Sinha/Edgerton and Kushmerick project) and initiate new studies to amplify how
resistance loading and unloading affects stress-strain reactions in human subjects.

o Seek new funding opportunities and initiate studies addressing the mechanism underlying
muscle weakness, fatigue, and the proneness of weakened muscle to injury (Kushmerick.
Chase, Wiseman, Reid, and Sinha/Edgerton /projects).

Objective 3C. Develop countermeasures

Note: As discussed elsewhere in this document, while Goals 2 and 3 are important objectives of
the Muscle Team, they are currently not a high priority due to insufficient resources available to
cover these topics. As resources evolve, these goals will receive a greater priority.

Goal 4: Develop monitoring methods using biochemical/molecular markers to predict potential
anabolic and catabolic states in muscle
Objective 4A. Identify key proteins
e Complete experiments to identify key molecular markers and cellular processes that
regulate protein balance in skeletal muscle via protein transcriptional/translational and
degradative pathways (Baldwin, Goldberg, Kandarian, Antin projects).
Objective 4B. Develop methods to observe key proteins

Goal 5: Develop rehabilitation methods (nutritional, pharmacological. and exercise- specific)
that are effective in treating loss of muscle mass, strength and endurance
Objective SA. ldentify effective rehabilitation methods

e Complete research on both animal models and humans using novel resistance loading
paradigms and prescriptions that utilize different contraction modes (isometric.
concentric. eccentric). )

e Seek funding to initiate acute studies that characterize ground based adaptive responses to
intermittent bouts of hypergravity-induced stimuli via use of a human-powered centrifuge
facility at University of California Irvine.

Obijective 5B. Develop and test specific rehabilitation prescriptions

Goal 6: Develop Earth-based applications of exercise training paradigms 1o ameliorate
problems of frailty, injury. morbidity. and mortality that are associated with the aging
process. degenerative muscle disorders and inactivity-related disorders.

Objective 6A. Identify partners for Earth-based applications

e Seek funding with other agencies that conduct research into medical concerns that
parallel the muscle deficits that occur in astronauts in response to prolonged exposure to
microgravity.

Objective 6B. Work with partners to make exercise paradigms available to needy Earth-based

populations

Goal 7: Integrate research and analysis
Objective 7A. Integrate research within the Muscle Alterations and Atrophy Team.
e Continue current integration efforts among the Muscle Team investigators as summarized
in Table 7.2.
Objective 7B. Integrate research with other teams. using modeling as well as other approaches.
e Initiate in-depth studies. in conjunction with other NSBRI teams. of the effects of
artificial gravity on skeletal muscle structure and function and other affected systems in
microgravity. These studies will also make use of the unilateral limb suspension model.
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e Explore interactions with the Nutrition and Fitness Team concerning how the separate
and combined effects of nutritional modification and physical exercise impact muscle
homeostasis and protein balance in bed rest subjects.

e  Work with NSBRI Bone Team to begin co-examination of effect of muscle degeneration
on other systems. Continue interactions with the Bone Team on countermeasures to both
bone and muscle wasting using bisphosphonates, nutrition. and loading paradigms on
spinally injured patients. Interact with the Bone Team on using spinally injured subjects
as models to study the restoration of wasted muscle through electrical stimulation of
muscles and the possible co-maintenance of bone mass. These studies could also explore
the combined interventions of bisphosponates and mechanical stress on muscle and bone
homeostasis.

e Continue modeling work towards the Core Integrated Human Function effort (Chase.
Kushmerick)

Objective 7C. Integrate research with investigators not formally associated with the NSBRI

e Continue interaction of Baldwin’s group with scientists outside the NSBRI, such as Dr.
Suzanne Schneider at the University of New Mexico and Dr. Per Tesch at the Karolinska
Institute, who are directing research projects that seek resistance training countermeasures
to prevent muscle atrophy in human subjects in response to ground based models of
unloading

7.6 SUMMARY

In the next 3-5 year time span, the Muscle Team should be able to successfully implement both
its fundamental (mechanistic) and applied research programs that address the identified Risks
outlined in this Research Plan. As discussed in the plan, the primary goal initially will be to focus
on “reducing the risk of loss of muscle mass. strength and endurance™. New insights will be
derived concerning the cellular and molecular mechanisms of the muscle atrophy process, as well
as. proposals of exercise paradigms that are mechanistic in terms of maintaining positive protein
balance in skeletal muscle. In addition. the team will evolve a strategy of identifying and
validating the ability of different exercise paradigms used in conjunction with nutritional and
pharmacological interventions to ameliorate the loss of muscle function (mass. strength and
endurance) that occurs in response to chronic states of unloading. Furthermore, Earth-based
benefits will be generated both in the prevention of and treatment of a variety of inactivity- and
aging-related disorders that are associated with muscle dysfunction. as well as. other disorders
(e.g.. type 11 diabetes) that are related to disuse and loss of skeletal muscle integrity.

We also envision, through the development and testing of a human-powered gravity equivalent
countermeasure device, an overarching countermeasure paradigm that has the potential, when
used in combination with other countermeasures strategies. such as nutritional and
pharmacological therapies. to not only ameliorate muscle dysfunction, but to significantly
maintain the homeostasis of the skeletal (bone). vestibular. and cardiovascular systems. The
integrity of each of these other systems is also compromised by prolonged exposure to unloading
states. These strategic cross cutting interactions both within the Muscle Team and with other
investigative teams are illustrated in Figure 7.1 below and in the tables presented at the end of the
Muscle Team Plan.

Fig. 7.1: The Figure below illustrates the vision of the Muscle Team as to how the human-

powered centrifuge could serve an overarching training device. When used in combination with
other countermeasure strategies. this device could. in addition to ameliorating the identified risks
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of the skeletal muscle system, reduce deleterious alterations that impact the functional integrity
of vestibular, cardiovascular, and skeletal systems.

Resistance Exercise Aerobic Exercise

Human Powered
Gravity-Equivalent
Exercise

Nutritional/Pharma- Impact Loading
cological/Hormonal {
y

Sensory-Motor
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Table 7.1. Project Research Activities

National Space Biomedical Research Institute
MUSCLE ALTERATIONS AND ATROPHY PROGRAM

Phase 1 Phase 2 Activities: | Phase 3 Activities:
. . Activities: Prelimina Mature |
Risk(s) Countermeasure | Experimental y
PI/Proiect Focused Countermeasure Countermeasure
] Addressed Target System \ .
Mechanistic Development Development
Research Research Research
ANTIN/Calpains in Simulated e Hindlimb- Test protective effects

Microgravity-Induced Atrophy

Loss of mass,
strength and

Not Applicable

unweighted
transgenic mice

Understand muscle
protein degeneration

of calpastatin in
transgenic mice.

endurance o Cultured L8
muscle cells
BALDWIN Role Muscle e 1.0ss of mass, ¢ Understand muscle Test activity paradigms | Interact with external
Loading on Mechanisms of strength and Resistance exercise | Hindlimb- protein degeneration | that create anabolic researchers on

Protein Translation and Impact
on Unloading-Induced

endurance
* Muscle injury

training

unweighted rat

e Determine slow-to-
fast phenotype shift

state and reduce atrophy

countermeasures with
human bed rest studies

Chase/Cell and Molecular
Biomechanics: Cardiac and
Skeletal Muscle

Loss of mass,
strength and
endurance

Integrative Modeling
(Integrated Human
Function Core,

o High vs. low-
activity rats;
computational

e Focused mechanistic
research: phenotype
biomechanics of

Adapt phase | model of
animal cells to human
muscle cells

Integrate cell
biomechanics model
into “digital human™:

“Digital Human™) models; cells; model bio- incorporate muscle i
¢ Hindlimb mechanics of cells adaptation mechanisms |
suspension |

GOLDBERG 'Activation of
Protein Breakdown in Muscle
Upon Unloading and Possible
Countermeasures

l.oss of mass,
strength and
endurance

Pharmacological and
activity factors in
altering protein
degradative
processes

Different models of
muscle wasting

Understand the role of
atrogin-1 in muscle
wasting

Pharmacologic
interventions in muscle
wasting

Determine role of
inhibitors of muscle
wasting on atrophy
processes in response
to unloading states

HAMILTON ‘Genomics of
Human Skeletal Muscle During
Bed Rest and Exercise

o Loss of mass,
strength and
endurance

¢ Muscle injury

Resistance and
endurance exercise
training

Bedrest and limb
unloading
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ldentify the loading
responsive genes;
validate results using
bioinformatics and
comparative models

* Test activity
paradigms to prevent
metabolic and
atrophic changes.

+ Use genomics to select
“nonresponders” to
unloading

* Screen subjects for
genetic selection of
resistance to
unloading.

* Integrate exercise.
nutritional and
pharmacological
measures.

|
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National Space Biomedical Research Institute
MUSCLE ALTERATIONS AND ATROPHY PROGRAM

Table 7.1. Project Research Activities (continued)

Phase 1 Phase 2 Activities: | Phase 3 Activities:
. . Activities: Preliminary Mature
Pl/Project Ag&iﬁgﬂld Coun-}e;rm:f sure Expsef'sl:rel:;ntal Focused Countermeasure Countermeasure
L & y Mechanistic Development Development
Research Research Research
KANDARIAN:Gene L.oss of inass, Pharmacological Hindlimb unloaded | Transcriptional Test if aspirin alleviates | Examine gene

Expression Profiling of
Unloaded Skeletal Muscle

strength, and
endurance

NF-kB pathway
e.g. aspirin,
curcumin

rats and mice

markers of catabolic
state —(i.e., unloading
atrophy)

atrophy (by inhibition of
NF-kB pathway)

expression profiling on
tissue (other investiga-
tors) on which counter-
measure was done

KUSHMERICK! Integrating
human muscle energetics and
mechanics

* Loss of muscle
mass, strength
and endurance

« Muscle injury

« Exercise

» Monitoring and
diagnostic procedurej

* Integrative
Modeling (Core)

Human leg and
hand muscle

+ Define normal limits
of energy balance

« Determine acceptable
level of metabolic
and energetic risk

s Individualize
physiologic and
energetic parameters

* Test efficacy of
exercise protocols

REID 'Redox Modulation of
Muscle Function in
Microgravity

L.oss of mass.
strength and
endurance

Antioxidants,
nutritional
supplements

* Cultured
myocytes,

» Excised muscle,

» Hindlimb-
unloaded mice

* Humans

Evaluate signaling
pathways that regulate
catabolism

Test countermeasures
for muscle wasting,
weakness in unloaded
mice

Test countermeasure 4\
for handgrip fatigue in

humans

1

|

SINHA In-Vivo Stress-Strain
Dynamics in Human Muscle

o [.0ss of mass,
strength and
endurance

¢ Muscle injury
and atrophy

Exercise
(rehabilitative)

MRI and muscle
function

Understanding
stress/strain properties
of muscle so can
reduce injury and
improve muscle
strength

Examine atrophy
processes on
stress/strain properties

Better techniques to
evaluate muscle !
proneness to injury and

rehabilitative processes |

WISEMAN/Ca++ Homeostasis
and Muscle Phenotype: Role of
Cellular Energetics

Loss of mass,
strength and
endurance

¢ Pharmacological
o Nutrition/Diet

¢ |solated muscles
¢ Intact hindlimb
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e Understand role of
energetics and
altered activity on
calcium handling in
mitochondria and
sarcoplasmic
reticulum

e Understand fast-
slow transition
phenotype switching

¢ Test therapeutics on
calcium handling

¢ Use model to test
phenotype switch




Table 7.2. Integration Activities

National Space Biomedical Research Institute
MUSCLE ALTERATIONS AND ATROPHY PROGRAM

|
|
ANTIN BALDWIN CHASE GOLDBERG | HAMILTON [KANDARIAN | KUSHMERICK REID SINHA WISEMAN
e Reid * Goldberg » Kandarian, * Baldwin, * Antin + Hamilton » Sinha * Antin * Baldwin, * Antin
Internal s  Wiseman and Sinha « Wiseman, * Sinha/ + Sinha * Goldberg * Chase » Wiseman + Hamilton, » Reid
Communication | ¢ Hamilton |e Shapiro + Kushmerick, Edgerton + Baldwin * Antin + Cabrera in * Goldberg | = Goldberg + Chase
e Kandarian (Bone) * Bers, + Kandarian « Kandarian » Reid Nutrition » Jones + Kushmerick!
¢ Lupton Coolihan, * Bers, (IsC) }
(Nutrition McCulloch Coolahan « Butel, o
& Fitness) (Cardio) McCulloch Conner ‘
* Cabrera (Cardio) (Immune)
(Nutrition)
e Transgenic | # Spinal injury | Cellular + Baldwin/ Exercise * Hindlimb | TBD * Chronicall
Integrated animals/ (Bone) energetics Sinha’ protocols unloading stimulated \
Experiment Reid » Resistance (Wiseman) Edgerton; » Transgenic hindlimb |
Development exercise » Hamtlton’ mice * Hindlimb |
protocols Kandarian « Handgrip suspended
(Nutrition) fatigue animals
e Transgenic | ® Muscle « Model * Baldwin: * Muscle Samples from | none » Probes for | = Hamilton * Reid
Sample Sharing | animals for biopsies/ Component * Sinha’ biopsies/ Baldwin and transgene | * Baldwin *» Antin
physiologic Shapiro (Kushmerick) Edgerton Sinha other Pls develop./ (Potentially
al studies’ {Bone) * Hindlimb * Muscle performing Antin Kandarian)
Wiseman, e Muscle suspension samples/ atrophy * Muscles i
Reid samples / projects Baldwin counter- from ;
Goldberg, (Baldwin) * Other measures irradiated ‘
Kandarian, : ongoing mice/ i
Hamilton human Butel,
studies Conner,
Gridle - ¥J
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National Space Biomedical Research Institute

MUSCLE ALTERATIONS AND ATROPHY PROGRAM

Table 7.2. Integration Activities (continued)

ANTIN BALDWIN CHASE GOLDBERG | HAMILTON KANDARIAN (KUSHMERICHK REID SINHA WISEMAN
e Planning of | N/A Combined * Model of + Compare + Muscle » Baldwin, + NASA
Synergistic human- studies on the entire generality of response to | Project funded
Studies of powered muscle human human and gamma + Hamilton bone group
Opportunity centrifuge wasting via genome animal irradiation/ project atMSU
(Bone, hindlimb during training Butel, Conner, developing |
Fitness, suspension unloading results Gridley model of
Cardio, and + Genomic Test "energy | * Muscle- mechani-
Neurovestib) pharmacologic screens as phenotype” specific, cally alterec
* Resistance interventions atestto with adapativé inducible limbs
exercise identify responses to transgenic (unloaded |
training with novel gene exercise mice/ Antin, andloadcdh
humans targets for Integrate Wiseman + Cell [
/Schneider CMs blood flow, | ¢ Unloading signaling r
and Tesh + Compare mechanics effects on group at |
(external) CMson and calcium MSUis |
¢ Bisphospho- muscle energetics regulation collabora- !
nates/ metabolism with training and tion on |
Shapiro and gene metabolism calcium
(Bone) expression / Wiseman measure-
e Pprotease * CM model: » Betatesting ments in |
inhibitors Compare of NASA muscle |
&muscle rat and device for
atrophy human handgrip
responses responses evaluation
(Radiation) to similar on ISS/
¢ Lupton CMs & Jones (JSC)
(Nutrition) unloading o ’
TBD Muscle Cell Input data Integration of TBD |
Development and Molecular from the muscle
of Computer Biomechanics entire human modeling
Model of for Integrated genome for effort with
Integrated Human muscle and cardiovascular
Human Function Core other tissues and nutrition

Function

N S —
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National Space Biomedical Research Institute
MUSCLE ALTERATIONS AND ATROPHY PROGRAM

Table 7.3. Achieving Goal 1: Reduce Risk of Loss of Muscle Mass, Strength and Endurance

Countermeasure Development Phases

Pre {2001
2001

2002

2003

2004

2005

2006

2007

2008

2009

20102011

2012

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

Understand muscle protein degradation
Determine slow-to-fast phenotype shift
Discern role of reactive oxygen species
Define loading-sensitive muscle genes

Determine how resistive exercise reduces atrophy of human muscle
Determine effects of artificial gravity on muscle
Identify acceptable target levels of risks in humans

Phase 2: Preliminary Countermeasure Development Research

e Test activity paradigms that create anabolic state and reduce atrophy in
animals and humans

e Test pharmacological interventions for muscle degradation and other muscle
unloading effects

e Study role of antioxidants as nutritional countermeasure strategy

e Determine whether artificial gravity is a feasible countermeasure to muscle
atrophy in humans

Phase 3: Mature Countermeasure Development Research

e Develop integrated exercise, nutritional, and pharmacological
countermeasure and test in humans

e Determine whether artificial gravity, in conjunction with the exercise,
nutritional. and pharmacological countermeasure above, further reduces
muscle atrophy in humans

Phase 4: Countermeasure Evaluation & Validation

e Testing of integrated exercise, nutritional, pharmacological countermeasure
with artificial gravity

Phase 5: Operational Implementation of Countermeasure Strategy
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8.0 NEUROBEHAVIORAL & PSYCHOSOCIAL FACTORS

Team Leader: David F. Dinges, Ph.D.
Professor of Psychology in Psychiatry
Director, Unit for Experimental Psychiatry
Department of Psychiatry
University of Pennsylvania School of Medicine
423 Guardian Drive
1013 Blockley Hall
Philadelphia, PA 19104-6021
215-898-9949
215-573-6410 FAX
dinges(@mail.med.upenn.edu

8.1 INTRODUCTION

The success of future International Space Station (ISS) and other low-Earth-orbit missions will
depend on prevention, identification and mitigation of neurobehavioral and psychosocial risks to
crew health, safety and productivity. Astronauts aboard 1SS will continue to endure behavioral
challenges for longer periods of time than have been experienced thus far in microgravity.
Stressors and risk factors include confinement with a small group of people for up to 8 months:
isolation from family and friends; complex communications with Earth including two mission
control centers; lack of privacy due to habitability constraints; and cognitive and emotional
challenges associated with workload, timeline demands. emergencies. and sustained high level
performance. There are also risks to group and individual functioning posed by changes in the
structure, organization, and nature of such missions if 30-day shuttle missions are used to
augment the science capabilities on ISS. Physical illness. interpersonal strife. equipment failure.
and the behavioral challenges posed by maintaining countermeasures for other risks (e.g.. daily
excrcise routines) will at times pose risks to group and individual behavioral effectiveness as
missions become longer and the ISS structure ages. Differences in language. culture. gender. and
work role will also present challenges to crew communication and effectiveness. Without
mitigation. these behavioral stressors individually and collectively have the potential to erode
cognitive performance; change neuroendocrine. cardiovascular. and immune responses; disrupt
appetite. sleep. and other basic regulatory physiology: lead to neuropsychiatric impairment
through anxiety and depression. and potentiate serious interpersonal problems among
crewmembers and with Earth-based mission support personnel. The Neurobehavioral and
Psychosocial Factors area is concerned with the development of novel ways to monitor
individual astronaut neurobehavioral functions, as well as group behaviors, and to provide
preventive and operational countermeasures to ensure that astronaut behavioral health is
maintained during prolonged missions: that the performance of individual astronauts and the
flight team are facilitated; and that crew motivation and quality of life are effectively optimized.

8.2  RISKS

The following risks in the Human Behavior and Performance Discipline of the Critical Path
Roadmap have been identified (risk number in parentheses):

e Human Performance Failure Because of Poor Psychosocial Adaptation (18)

e Human Performance Failure Because of Neurobehavioral Dysfunction (21)



The Critical Path Roadmap also lists the following two additional risks under Human Behavior
and Performance, but neither of these is encompassed by the NSBRI’s Neurobehavioral and
Psychosocial Factors Team.

¢ Human Performance Failure Because of Sleep and Circadian Rhythm Problems (19)
is subsumed under the Human Performance Factors, Sleep and Chronobiology area of
the NSBRI.

e Human Performance Failure Because Of Human System Interface Problems and
Ineffective Habitat, Equipment Design, or Inflight Information and Training Systems
(20) is not currently represented in the NSBRI areas, but it is a focus of laboratories at
NASA Johnson Space Center and NASA Ames Research Center.

8.3

GOALS

The Neurobehavioral and Psychosocial Factors Team has the following goals for its program:

Risk-Based Goals

Goal 1:

Goal 2:

Reduce the risk of human performance failure because of poor psychosocial
adaptation.

Reduce risk of human performance failure because of neurobehavioral
dysfunction

Non Risk-Based Goals

8.4

Goal 3:

Goal 4:

Goal 5:

Goal 6:

Goal 7:

Develop objective, unobtrusive methods und approaches 1o monitor stress.
neurobehavioral (cognitive, emotional. social) functions and performance
capability during missions

Develop ways 1o effectively use communication modalities and contingencies in
order 1o optimally fucilitate team performance and problem solving

Develop Earth-based applications of technologics for unobtrusively monitoring
stress, neurobehavioral functions and performance to help in early objective
detection and intervention for cognitive and emotional impairments associated
with stressful life events and compromised hehavioral health

Develop  Farth-based —applications of communication modalities  and
contingencies that prevent errors and misunderstandings, and improve group
performance and cohesion in demanding environments and safety-sensitive
activities.

Integrate research and analysis

DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The Neurobehavioral and Psychosocial Factors Team was tormed in 2000. and funded in 2001.
following peer-review of applications for research to mitigate risks to both individual behavioral
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health (i.e., neurobehavioral functions) and group processes (i.e., psychosocial functions) during
space flight. Although each of these areas is relatively broad, they do not encompass all of the
risks posed to human behavior and performance. As described above, the Critical Path Roadmap
lists two additional risks under Human Behavior and Performance, neither of which is addressed
by the Neurobehavioral and Psychosocial Factors Team. These include risks to performance
posed by circadian disruption and sleep deprivation on orbit, which are being addressed by the
Human Performance Factors, Sleep and Chronobiology Team, and risks to individual and group
behavioral functioning posed by limitations due to human-system interface and equipment
design, which are not currently being addressed by the NSBRI, but which are a focus at
laboratories at NASA JSC and ARC.

As currently configured, the Neurobehavioral and Psychosocial Factors Team is primarily
focused on reducing the risks of human performance failure due to poor psychosocial adaptation
(Goal 1) or neurobehavioral dysfunction (Goal 2). Specifically, the Team seeks to counter the
development of psychosocial risks (Goal 1) manifested through inadequate leadership;
interpersonal strife or social alienation (e.g., due to gender. culture or status differences); poor
group teamwork; lack of crew coordination in problem solving; ineffective communications
within the team or with ground controllers; and loss of crew morale. In a parallel manner, other
projects on the Team seek to counter risks to neurobehavioral health (Goal 2) manifested through
stress reactions; anxiety; depression: loneliness; anger; and neurocognitive impairments. Unlike
some areas of NSBRI research, where there is a single source for the biomedical problem (e.g..
microgravity effects on muscle or bone), there are a considerable number of factors in prolonged
space flight that could create or contribute to neurobehavioral and psychosocial dysfunctions
(e.g.. excessively scheduled activities and work requirements. poor physiological adaptation to
microgravity; interpersonal strife; perceived risks to health; loneliness for family: inadequate
communication with Earth; habitability constraints; radiation). Consequently, the
countermeasures being developed through the research by the Neurobehavioral and Psychosocial
Factors Team necessarily must cover an array of issues and approaches. The following are the
various categories of countermeasures likely to be developed as a result of the research on this
team:
(1) Selection criteria for optimal crew cohesion. including culture and gender diversity
(2) Training for group living: training for flight and ground crew optimal relations
(3) Guidelines to optimize communication for crew decisions and problem solving
(4) Technologies for monitoring and early diagnosis of cognitive problems. emotional
disturbances, and psychosocial dysfunction
(5) Behavioral treatments for stress; aftective disorders: and for resolving team conflicts
(6) Pharmacological treatments for stress: affective disorders and serious neuropsychiatric
and neurological reactions
(7) Habitability strategies for privacy: and work strategies for motivation and performance
(8) Support for relaxation and leisure activity for enhancing quality of life
(9) Support for assimilating créws psychosocially and neurobehaviorally after return
(10) Novel countermeasure opportunities identified by NASA and through new scientific efforts
(11) Development of a database on the neurobehavioral and psychosocial cffects of
countermeasures for other biomedical problems in space flight

Ideally. the risks to individual and group behavioral health created by spaceflight are best dealt
with through prevention (e.g.. a well-integrated crew with optimal pre-flight training and
coordination in effective communication. problem-solving. etc.). Therefore one of the focuses of
the projects on the Team is to reduce psychosocial risks (Goal 1) by identifying the psychological
and behavioral features of individuals and small groups that result in optimal behavioral
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effectiveness under ground-based (analog) conditions comparable to space flight. This approach
is taken in the Antarctic project directed by JoAnna Wood. Other projects directed by Joe Brady,
Judith Orasanu, and James Carter seek to determine ways to prevent or resolve psychosocial
miscommunication within teams and between space-bound teams and ground controllers.

While prophylaxis against the development of neurobehavioral and psychosocial dysfunctions is
ideal, there is no way to guarantee that preventative strategies alone will suffice. The Team
therefore also has a strong focus on early detection and resolution of neurobehavioral problems
and psychosocial dysfunction. Especially critical is the need for reliable, objective measures of
neurocognitive and emotional states and stress reactions. The projects directed by Phillip
Lieberman, David Dinges, and Stephen Kosslyn deal directly with obtaining these measures, thus
moving towards achievement of non risk-based Goal 3. The emergence of thought and mood
disorders during space flight poses very serious risks not only for the individual’s behavioral
capability but also for the team’s performance. Both neurobehavioral and psychosocial problems
have occurred in long-duration space flight—with the latter common enough to have resulted in
its rating as among the most serious risks (i.e.. Type 1) in the Critical Path Roadmap;
consequently, there remains an acute need to establish reliable. objective. unobtrusive methods
for confirmation of stable cognitive and emotional functioning during prolonged human space
flight. Without such information available to an astronaut, it will be difficult to ensure that
appropriate neurobehavioral countermeasures (e.g.. behavioral and pharmacological) will be
deployed in a manner that maintains behavioral health. There must be redundant ways to ensure
that neurological, neuropsychiatric. or neurocognitive impairments that develop on orbit
(regardless of the cause) are quickly identified and treated before they result in a loss of high
level performance capacity in a crew member.

The Team also has another major non risk-based goal of finding optimal ways for crews to use
communication modalities and techniques to maintain effective group functioning within a flight
crew and between the crew and ground controllers. family. and management (Goal 4). Effective
communication can help maintain team performance in the face of adversity. and it is one of the
best preventative and operational countermeasures for ensuring strong group psychosocial
cohesion and performance. Like the development of novel objective. unobtrusive methods and
approaches to monitor stress reactions. cognitive state. mood and performance in individual crew
members (Goal 3). the establishment of maximally eftective communication techniques for all
types of contingencies in space flight (Goal 4) will have significant relevance to a host of Earth-
based problems (non-risk Goals 5 and 6, respectively).

The problems addressed in the Neurobehavioral and Psychosocial Factors research area generally
focus on developing countermeasures for severe stress reactions. depression. cognitive
dysfunction, and conflict resolution during long-duration space travel. The initial strategic
research agenda for the Team involves eight ground-based studies and two as yet unfunded flight
experiments (in feasibility phase at JSC) that collectively address four thematically interrelated
questions: What are the effects of culture. personality. and leadership on performance. stress. and
health in isolated groups? What are the major influences on interpersonal actions.
communications. and problem solving in small groups? How can affective. neurobehavioral and
neurocognitive dysfunction be objectively detected in remote locations? What neurobiological
processes of stress and arousal are the optimal targets for behavioral and pharmacological
interventions? Six inter-related themes define the range of factors critical for improving crew
health and safety and for optimizing performance capability: (1) Biological mechanisms of
neurobehavioral dysfunction: (2) Motivation. cognition and performance: (3) Individual factors
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in selection, training, performance; (4) Pharmacology in space; (5) Team and interpersonal
optimization; and (6) Organizational, cultural and management factors.

The current Team projects are briefly described below and Table 8.1 summarizes the risks,
countermeasure targets, experimental system, and countermeasure development phases for each
project. The projects are equally divided between psychosocial risks (projects directed by Wood,
Brady, Orasanu, Carter) and neurobehavioral risks (projects directed by Dinges, Lieberman,
Kosslyn, Aston-Jones). The final two projects (Brunner, Kanas) are proposed flight experiments
in feasibility assessment at JSC, and as such, they are not yet funded. The Brunner project deals
with a neurobehavioral countermeasure question, while the Kanas project deals with a
psychosocial countermeasure question.

Wood et al.: Individuals and Cultures in Social Isolation

This psychosocial project seeks to increase understanding of the effects of personality, culture,
and group characteristics on both individual and group performance in an extreme environment
(Antarctica) that parallels many of the conditions likely to occur in long-duration space missions.
Identifying those elements of leadership that maximize crew functioning in extreme
environments and increasing our understanding of how individual and group factors affect
physical and psychological health under prolonged group isolation in Antarctica can be used in
identification and design of optimal flight crew configurations as a preventative countermeasure.

Orasanu et al: Distributed Team Decision Making in Exploration Missions

This psychosocial project examines how team structure and communication medium affect the
nature and quality of small team interaction. distributed decision making strategies. and problem
solving under a variety of stressful conditions (i.e.. time pressure, risk level, information
accuracy/completeness). [t assesses autonomic nervous system markers and the Specific Affect
Coding System technology for detecting when crew interactions and decision-making are
degrading. Countermeasure targets include identifying ways to optimize crew problem solving
performance during demanding and non-demanding periods.

Brady et al.: Psychosocial Performance Factors in Space Dwelling Groups

This psychosocial project seeks to determine effects of variations in the structure and function of
communication channels within and between simulated space-dwelling and Earth-based groups. It
addresses the effects on psychosocial performance effectiveness of (1) stressful environmental and
behavioral interactions; (2) variations in the appetitive and aversive characteristics of incentive
control systems: and (3) selection. training and experience. Countermeasure targets include
personality characteristics to optimize crew communication and performance and identifying ways
to reinforce the appropriate use of communication strategies for optimal problem solving.

Carter et al.: Designing a Smart Medical System for Psychosocial Support

This project seeks to develop a prototypical smart medical system for neurobehavioral and
psychosocial support. The computer-based system will address neurobehavioral issues. including
the assessment of affect and suggested interventions. and provide a training module on
interpersonal conflict resolution. The system will be developed and evaluated with experienced
users and content experts. Countermeasure targets include using the system to help detect (via
standardized questions) behavioral dysfunction in individual astronauts and among flight crews
and having the computer-based system offer suggestions to crews for remediating problems and
conflicts.

Dinges et al.: Optical Computer Recognition of Behavioral Stress
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This neurobehavioral project seeks to determine whether a state of the art optical computer
recognition algorithm based on facial expression can be developed that will objectively
discriminate when subjects are undergoing behavioral stressors and negative affect. It also
evaluates the effects of different behavioral stressors on physiological responses, on
psychological responses, and on performance responses, and explores the magnitude of stress
responses relative to the accuracy of an optically based computer recognition algorithm of the
face. Countermeasure targets include using the system to objectively detect significant negative
affect and emotional dysfunction in astronauts when verbal and self-report communications are
not possible or not reliable in order to recommend behavioral and pharmacological
countermeasures for affective disorders.

Kosslyn et al.: Quick Assessment of Basic Cognitive Function

This neurobehavioral project seeks to develop a set of brief performance tasks that will be
computerized versions of 11 standard tasks from cognitive psychology. which tap the range of
basic cognitive abilities. The performance tasks being developed will be very short versions or
variants of tasks that will capture the processing differences indicated by scores on the standard
tasks and be designed to be self-administered. Countermeasure targets include using the brief
tests to objectively detect cognitive performance deficits in individual astronauts. to alert
crewmembers to diminished behavioral capacity and the need for rest or other interventions.

Lieberman et al.: Speech Monitoring, Cognitive and Personality Alterations

This neurobehavioral project seeks to develop a system that will detect cognitive deficits,
changes in personality and emotional disturbances by means of acoustic measures of speech. The
project utilizes data from studies of speech and behavior of individuals in a space analog (Mt.
Everest climbers) as well as patients suffering neurodegenerative diseases (Parkinson’s) to
develop and verify techniques for analysis of conversational speech for detection of cognitive
changes. Countermeasure targets include using the system to objectively detect significant
personality changes and emotional dysfunction in astronauts when optical recognition and self-
report communications are not possible or not reliable in order to recommend behavioral and
pharmacological countermeasures for the personality disturbances.

Aston-Jones et al.: Stress, Performance and Locus Coeruleus

This neurobehavioral project seeks to analyze rodent locus coeruleus (LC) activity during a
continuous performance task. to determine the effects of acute and repeated stress on changes in
LC function and performance, and to identify pharmacological countermeasures 1o mitigate stress
effects on LC activity and attentional function.

Proposed Flight Experiment—Brunner et al.: Effect of Spaceflight on Pharmacokinetics of
Psychotherapeutic Agents. This neurobehavioral project seeks to determine the effects of space
flight on the pharmacokinetics, pharmacodynamics and the underlying physiologic processes
(gastric motility and drug absorption) of the anti-anxiety drug. lorazepam (Ativan®). and the
anti-depressant drug. venlafaxine (Effexor®). Countermeasure targets include studying both oral
and intravenous use of both drugs to determine ways to maximize their effectiveness for affective
disorders and stress reactions that may develop in prolonged space flight. while minimizing their
toxicity.

Proposed Flight Experiment—Kanas et al.: Psychosocial Education (PSE) Training for
ISS Missions. This psychosocial project seeks to evaluate the effectiveness in five International
Space Station (ISS) crews and their support personnel of a 3-hour. pre-launch Psychosocial
Education (PSE) training program designed to reduce tension and displacement of dysphoria to
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outside personnel and to increase cohesion, leader support, expressiveness and personal growth.
Countermeasure targets include determining whether the PSE training program can reduce
hostility among astronauts and between astronauts and mission ground support personnel while
increasing group satisfaction and behavioral effectiveness.

It has been approximately 18 months since the formation and funding of the Neurobehavioral and
Psychosocial Factors Team. The 1-2 hour monthly telecons involving all 10 project Principal
Investigators, some co-investigators, and Dr. Al Holland (Chief Psychologist from JSC) have
already resulted in excellent integration across the broad scope of the projects and a number of
planned collaborations. Table 8.2 shows progress at integration efforts for the team to date (Goal
7).

The research goals of the team have excellent relevance to Earth-based applications (Goals 5 and
6). Neurobehavioral and psychosocial dysfunctions characterize a wide range of human
conditions, from mood disorders to neurological conditions, to cultural biases and hostilities.
Progress in developing techniques and methods for improving objective detection of stress
reactions in space flight should be of value in the many contexts on Earth in which there 1s a need
to know how much distress a person is experiencing in order to know when to intervene and with
what modality (e.g., evaluation of victims, emergency workers. military personnel. etc.; Goal 5).
Similarly, finding ways to enhance effective communication and group problem solving could
help in a wide range of contexts in which high level performance and problem solving are
essential (e.g.. emergency management, power plants, transportation systems, etc.; Goal 6).
Finding ways to reduce neurobehavioral and psychosocial risks could also be of value to those
treating patients who have cognitive and emotional impairments associated with neuropsychiatric
and neurological disorders.

Although the Neurobehavioral and Psychosocial Factors Team does address a range of Critical
Path questions that must be answered in order to maintain astronaut behavioral health and group
effectiveness in long-duration flights. significant gaps in the program do remain due to current
funding limitations. The External Advisory Council (EAC) of the NSBRI rated the current
research program of the Neurobehavioral and Psychosocial Team as “very good™ in its imitial
evaluation in September 2000 but expressed concerns regarding the potential limitations of some
of the empirical approaches and recommended additional funding be set aside to solicit proposals
in those areas identified as gaps in the current team. These views were expressed again in the
February 2001 review by the EAC. in which it concluded that although the Team has “great
potential.” it was also “very diverse.” and that ~there exists a level of complexity that could
easily require orders of magnitude additional funding to accomplish their goals.” At that time the
EAC went on to state—consistent with the Critical Path Roadmap ranking of risk severity—""the
problems addressed by this team are among the most important for long term space travel—
attempting to develop countermeasures for severe stress reactions. depression, cognitive
dysfunction, and conflict resolution.” and that the team could “benefit from support for new
methodologies and technologies (e.g.. functional magnetic resonance imaging [fMRI}. mass
resonance spectroscopy [MRS]. novel tests of cognitive function. and virtual reality).”
Accordingly. if the team gaps are to be closed. in addition to continuing to support the current
research projects. the NSBRI needs to support research that addresses the following four
questions in the next five years.

What behaviors. experiences. intellectual capacities. performance capabilities. personality
traits, demographic. interpersonal and leadership styles of crewmembers. as well as
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gender, age and ethnicity combinations, can be identified during the selection process and
be used to select and assemble the best teams for long duration missions?

1. How can novel neuroscience technologies (e.g., neuroimaging via fMRI, MRS,
positron emission tomography [PET], near-infrared [NIR] optical imaging; and
transcranial magnetic stimulation [TMS]) be used to develop countermeasures for the
psychosocial and neurobehavioral effects of prolonged space flight?

™o

How can novel behavioral methodologies (e.g., virtual reality; prolonged behavioral
monitoring and experimental manipulation of small group microsocieties in isolation
and in tandem) be used to develop countermeasures for the psychosocial and
neurobehavioral effects of prolonged space flight?

3. What are the effects on neurobehavioral health and psychosocial functioning of the
countermeasures devised for other vital physiological systems (e.g.. diet. exercise,
light exposure for circadian entrainment, and pharmacotherapies used as
countermeasures for the effects of radiation, cardiovascular, neurovestibular, bone
loss, etc.)?

Tables 8.3a and 8.3b provide projected timelines for achieving Risk Goals 1 and 2. and Non-Risk
Goals 3 and 4. They also presume that in the near future, new projects that address the four
critical gap questions described in the preceding paragraph will be supported. Table 8.3a deals
with countermeasure development to reduce the serious risks posed by poor psychosocial
adaptation in space flight. and Table 8.3b deals with countermeasure development to reduce the
risks posed by neurobehavioral dystunction in prolonged space flight.

8.5 OBJECTIVES AND STRATEGIC ACTIVITIES

The objectives underlying each goal are presented below. along with strategic activities that will
be used to achieve the goals and objectives.
Goal 1: Reduce the risk of human performance failure because of poor psvchosocial adaptation.
Objective 1A. Assess risk and target level of acceptable risk
e Determining the full range of psychosocial stressors in space flight continues to
be a priority in order to mitigate these stressors. Various team members (Wood.
Brady, Kanas, Carter. Buckey, Dinges) have been acquiring information from
published reports, JSC personnel. and former and current astronauts on the
sources of psychosocial stress.
Obijective 1B. Determine mechanisms
e Complete projects that seek to identify predictors of vulnerability to poor
psychosocial adaptation environments (Wood. Brady. Orasanu. and Carter
projects).
o Complete projects that seek to determine the eftects of contingencies on use of
communication channels (Brady and Orasanu projects).
e Complete work on establishing astronaut-guided content for a prototypical
computerized self-diagnostic system for conflict management (Carter and
Buckey project).
e Complete project that secks to identify interrelationships among social context.
cultures. and health in an analog environment (Wood project in Antarctica).



¢ Complete projects that seek to identify selection criteria for optimizing effective

leadership and group cohesion (Wood project).
Objective 1C. Develop countermeasures

¢ Complete projects that establish effects of training, incentives and experience on
communication (Brady and Orasanu projects).Complete project on prototypical
computerized self-help system for psychosocial support (e.g., simulated
encounters with “virtual crew members™) and assessment (adaptation of an
existing self-guided psychiatric assessment) (Carter and Buckey
project).Complete projects on effects of stressors, gender and cultural
differences on problem solving (Orasanu, Wood, and Brady projects).

e Complete projects seeking to develop training to prevent poor psychosocial
adaptation (Brady, and Orasanu projects).

e Complete projects seeking to develop a hierarchy of ways to maximize group
communication, decision making and problem solving (Orasanu and Brady

_projects).

e Complete projects that seek to develop insights into factors relevant to training
for living well in confinement, away from family (Wood and Kanas projects).

e Complete the development of technologies for early detection of psychosocial
dysfunction (Wood. Orasanu, and Brady project).Complete projects that seek to
identify optimal interventions for preventing and resolving interpersonal
conflicts (Carter and Kanas projects).

o Complete projects that seek to identify techniques to maintain effective flight
and ground crew relations (Brady, Orasanu and Kanas projects).

e Continue and expand projects that measure behaviors. experiences. intellectual
capacities, performance capabilities. personality traits. demographic.
interpersonal and leadership styles of crewmembers. as well as gender. age and
ethnicity combinations, that could be used in identification during the selection
process to select and assemble the best teams for long duration missions.

e Initiate studies of novel behavioral methodologies (e.g.. virtual reality:
prolonged behavioral monitoring and experimental manipulation of small group
microsocieties in isolation and in tandem) to develop new countermeasures for
the psychosocial effects of prolonged space fhght.

e Initiate projects that seek to develop strategies for privacy. relaxation. novelty.
leisure, and re-acclimation.

e Initiate projects that seek to identify effects on psychosocial functions of novel
countermeasures for other risks (e.g.. muscle. bone. radiation. neurovestibular,
sleep and chronobiology). (This initiative will depend upon the rate at which
new and effective countermeasures come on line from other areas. The goal here
is to ensure they do not have adverse effccts on communication and other
interpersonal functions.)

Goal 2: Reduce risk of human performance failure because of neurobehavioral dvsfunction
Objective 2A. Assess risk and target level of acceptable risk
¢ Determining the full range of neurobehavioral stressors in space flight continues

to be a priority in order to mitigate these stressors. Various team members
(Wood. Brady. Kanas. Carter. Buckey. Dinges) have been acquiring information
from published reports. JSC personnel. and former and current astronauts on the
sources of neurobehavioral stress.

Objective 2B. Determine mechanisms
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Complete the project that seeks to determine the effects of stress and attentional
performance demands on the locus coeruleus to identify novel pharmacological
approaches to maintaining performance in the face of high stress (Aston-Jones
project).

Complete projects that seek to identify predictors of vulnerability to cognitive
and/or affective dysfunction under stress in analog environments (Wood and
Lieberman projects).

Complete the project on prototypical computerized self-help system for
assessment of depression (adaptation of an existing self-guided psychiatric
assessment) (Carter and Buckey project).

Complete the project that seeks to determine if facial expressions reveal
physiological stress under performance demands (Dinges project).

Complete the project that seeks to determine the validity of brief versions of
cognitive tests (Kosslyn project).

Complete the project that seeks to determine if voice-onset time measures .
cognitive functions (Lieberman project). .
Complete projects that seek to develop technologies that objectively and reliably
monitor affective responses (Dinges, Carter, Lieberman and Orasanu projects).
Complete projects that seek to develop technologies that objectively and reliably
monitor neurocognitive responses (Lieberman, Kosslyn, and Dinges projects).
Initiate and complete the project that seeks to determine pharmacokinetics in
space flight (Brunner project).

Complete projects that seek to identify promising pharmacological
countermeasures for stress and mood reactions in space flight (Aston-Jones and
Brunner projects).

Objective 2C. Develop countermeasures

Complete project on prototypical computerized self-help system for assessment
of depression and recommended intervention (adaptation of an existing self-
guided psychiatric assessment) (Carter and Buckey project).Complete project on
development and test of accuracy of optical computer recognition of facial
expression of stress (Dinges project).Complete project on establishment of
norms and sensitivity of brief cognitive tasks to neurocognitive abilities
(Kosslyn project).Complete project on detcrmining whether analysis of common
speech can detect cognitive and personality changes in hypoxia climbers on
Everest (Lieberman project).

Initiate project on pharmacological approaches to adverse neurobehavioral
reactions (mood, cognition) in space flight.

Initiate project on behavioral approaches to adverse neurobehavioral reactions
(mood. cognition) in space flight.

Initiate projects to identify adverse CNS / ANS effects from radiation and
countermeasures from other areas. (This initiative will depend upon the rate at
which new and effective countermeasures come on line from other areas. The
goal here is to ensure they do not have adverse effects on cognitive and aftective
functions. An animal project is underway on the Radiation team (Vasquez
project) to evaluate the neurobiological and neurobehavioral effects of simulated
space radiation. Ultimately. sensitive neurobehavioral tests will be needed on
astronauts if adverse effects are found in rodent models.)

Initiate projects using novel neuroscience technologies (e.g.. neuroimaging via
fMRI. MRS. PET. NIR: transcranial magnetic stimulation) to develop
countermeasures for the neurobehavioral effects of prolonged space flight.
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Goal 3: Develop objective, unobtrusive methods and approaches to monitor stress,
neurobehavioral (cognitive, emotional, social) functions and performance capability
during missions.

Objective 3A. Develop monitoring methods

e Complete projects that seek to determine if objective, unobtrusive measures of
facial expressions and speech analysis can detect cognitive, dysfunction and
physiological distress during work demands (Dinges and Lieberman projects).

e Complete projects that seek to determine the validity of brief versions of
cognitive tests to detect changes in performance capability (Kosslyn project).

e Complete projects that seek to determine whether technologies can be
developed for objective detection of psychosocial dysfunction (Wood, Orasanu,
and Brady projects).

Objective 3B. Establish best approaches to interpret monitored data

e Initiate projects that study how to best use reliable objective measures of
cognitive, affective and psychosocial function/dysfunction to deliver maximally
effective countermeasures.

Goal 4: Develop ways to effectively use communication modalities and contingencies in order
to optimally facilitate team performance and problem solving.
Objective 4A. Enhance effective use of communication systems
e Complete projects that seek to determine the effects of contingencies, stress.
modality options and time pressure on effectiveness of communications in
problem solving and group performance (Brady and Orasanu projects).
Objective 4B. Establish best approaches to use of communication systems
e Initiate projects that study how to best use communication systems to deal with
different levels of performance stressors.

Goal 5: Develop Earth-based applications of 1echnologies for unobtrusively monitoring stress,
neurobehavioral functions and performance to help in early objective detection and
intervention for cognitive and emotional impairments associated with stressful life
events and compromised behavioral health.

Objective SA. Encourage transition of technologies to Earth-based needs.

o ldentify applications for monitoring behavioral states in space flight to Earth-
based needs. Because neurobehavioral and psychosocial problems are common
on Earth (unlike microgravity. which only occurs off planet). the Earth-based
applications of technologies for unobtrusively monitoring  stress,
neurobehavioral functions and performance have considerable potential to help
in early objective detection and intervention for cognitive and emotional
impairments associated with stressful life events and compromised behavioral
health.

e Identification of partners for Earth-based applications of objective technology
for cognitive and emotional functions will be undertaken by seeking funding
through other interested Federal (¢.g.. NIH) and private agencies that sponsor
research on neuropsychiatric and neurological disorders.

Goal 6: Develop Earth-based applications of communication modalities and contingencies that
prevent errors and misundersiandings and improve group performance and cohesion in
demanding environments and safety-sensitive activities.

Obijective 6A. Encourage transition of communication systems to Earth-based needs.
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e Finding ways to enhance effective communication and group problem solving
could help in a wide range of Earth-based contexts in which high level
performance and problem solving are essential (e.g., emergency management,
power plants, transportation systems, large scale construction, etc.).

e Identification of partners for Earth-based applications of communication
technology and systems for effective team performance will be undertaken by
seekmg funding through other interested Federal (e.g.. DOD) and prlvate
agencies that sponsor research on ways to maintaining group functioning in a
complex and stressful environment.

Goal 7: Integrate research and analysis
Objective_7A. Integrate research within the Neurobehavioral and Psychosocial Factors
Team.

e Continue current integration efforts among team Pls, co-investigators and key

personnel at JSC as summarized in Table 8.2.

Ob]ectwe 7B. Integrate research with other teams.
Continue to build collaborative between the Team projects and projects on other
teams. especially other teams with a focus on central nervous system (CNS)
functions (e.g.. Neurovestibular Team: Radiation Team)

e Coordinate with Human Performance Factors. Sleep and Chronobiology
(HPFSC) Team regarding the effects of sleep loss. circadian displacement. and
countermeasures for these factors on cognition, mood and social interaction.

e Coordinate with the Neurovestibular Adaptation Team regarding the effects of
space motion sickness and countermeasures for it on cognition, mood and social
interaction.

e Coordinate with the Nutrition and Rehabilitation Team regarding the potential
for nutrition to enhance cognitive. affective and psychosocial functioning as
well as the need for neurobehavioral and psychosocial rehabilitation following
flight.

e Coordinate with the Smart Medical Systems Team regarding the potential for
neuroimaging to enhance objective detection of neurocognitive and
neuroaffective dysfunctions in space flight.

e Coordinate with the Immune Team regarding the role of psychosocial and
neurobehavioral distress in endocrine and immune responses and the potential
of using immune markers as indices of the chronic stress being experienced.

e Coordinate with the Radiation Team regarding the effects of space radiation on
neurobehavioral functions in animals as a prelude to assessing effects in
humans.

Objective 7C. Integrate research with investigators not formally associated with the NSBRI.

e Although most of the projects on the Neurobehavioral and Psychosocial Factors
Team involve collaborations among leading investigators from different
schools. universities. companies, and Federal agencies (e.g.. projects by Wood.
Brady. Orasanu, Dinges. and Carter). Team Pls continue to seek out expertise
from scientists not formally part of the NSBRI who are experts in many of the
areas under study. In this regard. Dr. Wood has recently begun collaboration
with Dr. John Cacioppo. the foremost investigator of social biology. and Dr.
Norbert Kraft (National Space Agency of Japan and Commander of a long-
duration isolation study) has joined Dr. Orasanu’s project.
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8.6 SUMMARY

The relatively recent development of the Neurobehavioral and Psychosocial Factors Team
reflects the recent categorization of these factors as Type I (severe) risks during prolonged human
space flight and the need for novel, evidenced-based approaches to mitigate these risks to ensure
the safety and well being of the flight crew and the success of the mission. The Team’s current
configuration serves well the breadth of the neurobehavioral and psychosocial areas with four
ground-based projects in each area, and two as yet unfunded flight projects (one in each area, and
both undergoing feasibility review). While the breadth of the research underway is appropriate
for the Team’s mandate, the current limited number of funded projects restricts experimental
depth in any one area. That is, the answers to most of the Critical Path questions for this Team
rely on single experiments. Therefore, care in experimental execution and replication of results
will be vital to ensure their generalizability to space flight.

Within the next 2-3 years the projects should have sufficient data to determine the viability of
some of the basic information and technologies being investigated and begin producing viable
countermeasure strategies. Unfortunately this achievement on its own will likely not diminish the
controversy that at times surrounds this area-- perhaps more sO than other areas of space
biomedicine. the neurobehavioral and psychosocial area tends to engender pro-con debate about
any one countermeasure approach over another when seeking to mitigate the vulnerability of
individuals and groups to the psychological. behavioral. and social effects of prolonged space
flight. Examples of the contrasting options for countermeasures include: 1) Whether to seek to
identify factors relevant to select-in versus select-out criteria; 2) Whether to investigate
subjective versus objective techniques for assessing mood, stress. cognitive capability, and
psychosocial adaptation: and 3) Whether to study behavioral versus pharmacological
countermeasures.

In order to minimize the impact of these traditionally controversial issues. the Team approach has
been and will continue to be to obtain the best possible data sets and reliable information and
report these findings. We believe that some of the novel perspectives and approaches being
attempted in the current team projects will vield new opportunities for countermeasure
development. Within 5 years we should be able to have at least one and likely two objective
techniques that will be ready for mature countermeasure development (Tables 3a and 3b) in the
areas of objective monitoring of neurobehavioral and psychosocial functioning. Similarly. we
should be well along in developing priorities for optimal communication techniques under both
low and high performance demands. Finally. we should have a clearer idea of the individual
characteristics and group dynamic factors that make up optimal behavioral capability under
adverse circumstances.

The figure below (Figure 8.1) illustrates the major research themes and anticipated
countermeasure types of the current projects and our view that they form critical complementary
components to the maintenance of behavioral and psychosocial health and capability during long
duration missions. We appreciate the opportunity to work on such challenging scientific
questions.
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Figure 8.1. Major Research Themes and Currently Anticipated Countermeasure Types.
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Table 8.1. Project Research Activities

Phase 1

Phase 2 Activities:

Phase 3 Activities:

Performance Factors in
Space Dwelling Groups

Poor psychosocial
adaptation

Environmental
manipulation

computerized
simulation of mission

varying functions of
communication
channels

; . Activities: Prelimina Mature
Pl/Proiject Risk(s) Countermeasure Experimental Y
] Addressed Focused Countermeasure Countermeasure
Target System .
Mechanistic Development Development
Research Research Research
ASTON-JONES/ Stress. : . Stress and drug Understand stress
Neurobehavioral Pharmacological

Performance and Locus dvsfunction asent = effects on L.C and effects on locus
Coeruleus ‘ genis performance in rats coeruleus
BRADY/Psychosocial Training. Humans performing Determine effects of Test effects of training,

incentives & experience
on communication

CARTER/Designing a
Smart Medical System for
Psychosocial Support

Psychosocial and
neurobehavioral
dysfunction

Monitoring &
diagnosis procedures:
Other (suggestions for
treating problem)

Humans developing
content from expert
& astronaut input

Establish content
for prototypical
computerized self-
diagnostic system

Develop computerized
self-help system for
psychosocial support

DINGES/Optical
Computer Recognition of
Behavioral Stress

Neurobehavioral
dysfunction

Monitoring and
diagnosis procedures

Humans undergoing
high- and Jow-stress
performance

Determine if facial
expressions reveal
physiological stress

Develop & test optical
computer recognition of
stress expressions

KOSSLYN/Quick
Assessment of Basic
Cognitive Function

Neurobehavioral
dysfunction

Monitoring and
Diagnosis Procedures

Humans performing
on communication
simulation

Determine validity
of brief versions of
cognitive tests

Establish norms &
sensitivity of brief to
relevant stressors

LIEBERMAN/Speech
Monitoring, Cognitive &
Personality Alterations

Neurobehavioral
dvsfunction

Monitoring and
Diagnosis Procedures

Speech evaluations in
humans on Everest &
Parkinson's patients

Determine if voice-
onset time measures
cognitive functions

Test voice analysis to
detect cognitive and
personality changes

ORASANU Distributed
Team Decision Making in
Exploration Missions

Poor psychosocial
adaptation

Training.
Other {crew selection)

Humans performing
computerized
simulation of tasks

Develop technology
to monitor affective
responses

Establish effects of
stressors & gender on
problem solving

WOOD/Individuals and
Cultures in Social
Isolation

Poor psychosocial
adaptation and
neurobehavioral
dysfunction

Training,
Other (crew selection)

Humans wintering
over in Antarctica

Identify inter-
relationships among
social context,
cultures, and health

*BRUNNER/Effect of
Spaceflight on
Pharmacokinetics of

Psy chotherapeutic Agents

Neurobehavioral
dysfunction

Pharmacological
agents

tlight

Humans in space

Determine
pharmacokinetics of
drugs in space flight

*KANAS/Psychosocial
Education (PSE) Training
for ISS Missions

Poor psychosocial
adaptation |

Training

*Not yet funded; in feasibility phase evaluation at JSC.

flight

Humans in space

1D

Develop training to
prevent poor
nsychosocial adaptation

Test effectiveness of




Table 8.2.

ASTON-
JONES
Stress and
locus coeruleus

National Space Biomedical Research Institute
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Integration Activities*

BRADY
Psychosocial
performance

CARTER
Computerized
psychosocial
support

DINGES
Optical
computer
recognition

KOSSLYN
Quick
assessment of
cog. functioins

LIEBERMAN
Speech
monitoring

ORASANU
Distributed
team decision
making

WwWOOD
Social isolation
/ Antarctic

Internal
Communication

Monthly team
telecon;

Annual team
meeting;
NSBRI Retreat;
Biannual NASA
meeting;
National
scientific
meetings

Monthly team
telecon:

Annual team
meeting;
NSBRI Retreat;
Biannual NASA
meeting;
National
scientific
meetings

Monthly team
telecon;

Annual team
meeting;
NSBRI Retreat;
Biannual NASA
meeting;
National
scientific
meetings

Monthly team
telecon;

Annual team
meeting;
NSBRI Retreat;
Biannual NASA
meeting;
National
scientific
meetings

Monthly team
telecon;

Annual team
meeting;

NSBRI Retreat;
Biannual NASA
meeting;
National
scientific
meetings

Monthly team
telecon;

Annual team
meeting;
NSBRI Retreat;
Biannual NASA
meeting;
National
scientific
meetings

Monthly team
telecon;

Annual team
meeting;
NSBRI Retreat;
Biannual NASA
meeting;
National
scientific
meetings

Monthly team
telecon;

Annual team
meeting;
NSBRI Retreat;
Biannual NASA
meeting;
National
scientific
meetings

Integrated
Experiment
Development

Complements
communication
variables in
ORASANU
project

Assess potential
of optical
computer
recognition for
detection of
fatigue (with
HPFSC Team)

Complements
communication
variables in
BRADY project

Sample Sharing

Using same
psychosocial
scales (e.g..
alexithymia
scale)

Using same
psychosocial
scales (e.g..
alexithymia
scale)

Using same
psychosocial
scales (e.g..
alexithymia
scale)

Using same
psychosocial
scales (e.g.,
alexithymia
scale)

Synergistic
Studies of
Opportunity

Acquiring
speech data in
project for
LIEBERMAN
to analyze

Analyzing
speech data
from low and
high stressor
conditions in
DINGES

Developing
collaboration
with Immune
project by
SHEARER

Development of
Computer
Model of
Integrated
Human
Function

To be
determined--
under
discussion with
BALDWIN

* Although not yet funded, space flight experiments proposed by Brunner (Pharmacokinetics in space flight) and Kanas (PSE training for space flight)
are included in monthly Team telecons and annual meetings.
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Table 8.3a. Achieving Goals 1 and 4: Reduce Risk of Human Performance Failure Because of Poor Psychosocial

Adaptation

Countermeasure Development Phases

Pre

2001 2001

2002(2003(200420052006[2007|120082009120102011201

Phase 0: Observational & Phenomenological Research

o ldentify psychosocial stressors that occur during prolonged space flight

iz

Phase 1: Focused Mechanistic Research

Identify predictors of vulnerability to poor psychosocial adaptation
Determine effects of contingencies on use of communication channels
¢ Establish content for prototypical computerized self-diagnostic system
¢ Identify interrelationships among social context, cultures, and health

e Identify selection criteria for optimizing group cohesion

Phase 2: Preliminary Countermeasure Development Research

Establish effects of training, incentives and experience on communication
Develop prototypical computerized self-help system for psychosocial support
Establish effects of stressors, gender and cultural differences on problem solving

o Develop training to prevent poor psychosocial adaptation

e Develop hierarchy of ways to maximize group communication, decision making
and problem solving

¢ Develop training for living well in confinement, away from family

* Develop technologies for early detection of psychosocial dysfunction

s Identify optimal interventions for preventing and resolving interpersonal
conflicts

o Identify techniques to maintain effective flight and ground crew relations

e Develop strategies for privacy, relaxation, novelty, leisure, and re-acclimation

» ldentify effects on psychosocial functions of novel countermeasures for other
risks (e.g., muscle, bone, radiation, neurovestibular, sleep & chronobiology)

Phase 3: Mature Countermeasure Development Research

o Develop best select-in criteria for optimizing group cohesion (culture, gender)
e Develop best training techniques for crews to optimize group cohesion

¢ Develop optimal communication protocols

e Develop full computerized self-help system for psychosocial support
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Table 8.3a (continued). Achieving Goals 1 and 4: Reduce Risk of Human Performance Failure Because of Poor
Psychosocial Adaptation

Pre
Countermeasure Development Phases 2001 2001{2002200312004[20052006[2007]2008]200920102011)2012
Phase 4: Countermeasure Evaluation & Validation
e Test best select-in criteria for optimizing group cohesion (culture, gender)
e Test best training techniques for crews to optimize group cohesion while living
in confinement
e  Test optimal communication protocols
e Test techniques to maintain effective flight and ground crew relations
o Test full computerized self-help system for psychosocial support and problem
solving
¢ Test techniques for early detection of psychosocial dysfunction o =
s Test strategies for optimizing privacy, relaxation, novelty, lcisure, and re- oy el
acclimation ‘
Phase 5: Operational Implementation of Countermeasure Strategy
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Table 8.3b. Achieving Goals 2 and 3: Reduce Risk of Human Performance Failure Because of Neurobehavioral

Dysfunction

Countermeasure Development Phases

Pre

2001 20012002

200312004

2005[2006{2007200812009120101201112012

Phase 0: Observational & Phenomenological Research

Identify neurobehavioral stressors that occur during prolonged space flight

Phase 1: Focused Mechanistic Research

Understand stress effects on locus coeruleus and attention

Identify predictors of vulnerability to cognitive and/or affective dysfunction
under stress in analog environments

Establish content for prototypical computerized self-diagnostic system
Determine if facial expressions reveal physiological stress

Determine validity of brief versions of cognitive tests

Determine if voice-onset time measures cognitive functions

Develop technology to monitor affective responses

Understand pharmacokinetics in space flight
Identify promising pharmacological countermeasures for stress and mood
reactions in space flight

Phase 2: Preliminary Countermeasure Development Rescarch

Develop prototypical computerized self-help system for neurobehavioral
diagnosis and supportDevelop and test optical computer recognition of facial
expression of stressEstablish norms and sensitivity of brief cognitive tasksTest
voice analysis to detect cognitive and personality changes

Establish and test pharmacological approaches to adverse neurobehavioral
reactions (mood, cognition) in space flight

Establish and test behavioral approaches to adverse neurobehavioral reactions
(mood, cognition) in space flight

Identify adverse CNS / ANS effects from radiation and countermeasures from
other areas
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Table 8.3b (continued). Achieving Goals 2 and 3: Reduce Risk of Human Performance Failure Because of

Neurobehavioral Dysfunction

Countermeasure Development Phases

Pre

2001 2001{200212003{2004{2005[200612007

20082009{2010120112012

Phase 3: Mature Countermeasure Development Research

Develop full computerized self-help system for neurobehavioral diagnosis and
support

Develop best pharmacological approaches to adverse neurobehavioral reactions
(mood, cognition) in space flight

Develop best behavioral approaches to adverse neurobehavioral reactions
(mood, cognition) in space flight

Develop best predictors of vulnerability to cognitive and/or affective dysfunction
Develop best objective (minimally obtrusive, maximally reliable) technique for
remote detection of cognitive dysfunction

Develop best objective (minimally obtrusive) technique for remote detection of
affective dysfunction

Phase 4: Countermeasure Evaluation & Validation

Test full computerized self-help system for neurobehavioral diagnosis and
support

Test best pharmacological approaches to adverse neurobehavioral reactions
(mood, cognition) in space flight

Test best behavioral approaches to adverse neurobehavioral reactions (mood,
cognition) in space flight

Test best predictors of vulnerability to cognitive and/or affective dysfunction
Test best objective (minimally obtrusive, maximally reliable) technique for
remote detection of cognitive dysfunctionTest best objective (minimally
obtrusive) technique for remote detection of affective dysfunction

Phase 5: Operational Implementation of Countermeasure Strategy




9.0 NEUROVESTIBULAR ADAPTATION

Team Leader: Charles M. Oman, Ph.D.
Senior Research Engineer
Department of Aeronautics and Astronautics
Director, Man-Vehicle Laboratory
Center for Space Research
Massachusetts Institute of Technology
77 Massachusetts Avenue, Rm. 37-219
Cambridge, MA 02139-4301
617-253-7508
617-258-8111 FAX
cmo(@space.mit.edu

9.1 INTRODUCTION

The most overt change affecting an astronaut in space flight is the immediate response of the
neurovestibular system to changes in gravity. NSBRI’s neurovestibular adaptation research
program supports research aimed at developing scientifically-based countermeasures against the
vestibular problems associated with space flight: spatial disorientation. space motion sickness.
oculomotor deficits, postflight postural instability and gait ataxia. ~Problems typically arise first
when astronauts transition from 1-G to 0-G, unfortunately at a time when their physical and
cognitive performance is often critical for mission success and safety. Postflight problems have
generally been more severe after 3-5 month Mir and ISS flights than on 1-2 week Shuttle
missions, showing that some components of vestibular adaptation to 0-G take place over time
scales of months, rather than weeks. Operationally significant vestibular problems are also
anticipated when astronauts make the transition from 0-G to partial G. or from 0-G to an artificial
gravity environment. During the Shuttle/Spacelab era (1980s and 90s). many of NASA's major
ground and flight neurovestibular experiments addressed basic issues related to the effects of 0-G
vestibular reflexes. NSBRI research is designed to develop countermeasures for a broader set of
risks identified by the NASA Critical Path project. In 1997. five principal neurovestibular risk
areas were identified (criticalpath.jsc.nasa.gov/main.asp).  Since that time. additional
information has become available from long duration Shuttle, Mir and ISS flights. Because of
NASA's shift in emphasis from exploration (e.g. Mars) missions to long duration ISS long
duration flights, the NSBRI neurovestibular team reexamined its critical path risks. In
collaboration with colleagues from the JSC Neurophysiology lab. and the JSC Medical
Operations branch, the risks were updated and regrouped into seven areas which also define the
spaceflight related long term goals of the program. In priority order. these are:

9.2 RISKS

1. Vertigo on reentry and landing, triggered by sudden vehicle accelerations or head movements in

a now-unfamiliar gravitational environment. can cause involuntary eye movements (nystagmus).
difficulty reading instruments and orientation illusions. Together. thesc can cause misperception
of the attitude, velocity, and acceleration of the vehicle. In critical situations. such as during
landing they can lead to involuntary control movements and control crrors. resulting in faster

and harder landings and potentially in the loss of the vehicle and crew.
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2. Acute space motion sickness on insertion into microgravity can produce nausea, vomiting, loss
of concentration and inability to follow procedures. The sickness, which can sometimes last for
several days, could cause catastrophic failure of EVA suit life support systems and render space
suits unreusable, were sickness to occur during EVA. Consideration of this has caused
deferment of non-emergency EVAs and Shuttle rendezvous and docking to the fourth day of
flight, which has an important impact on Shuttle procedures and crew productivity.

3. Postlanding imbalance, instability, vertigo and orthostatic hypotension have made some
crewmembers unable to stand up or walk unassisted after medium and long-duration flights.
Associated with this, there is decreased tone in postural muscles, impaired locomotor
coordination, instability of vision, difficulty turning corners or negotiating stairs. Any or all of
these compromises the ability of crewmembers to egress from the Shuttle rapidly. Potentially,
this could lead to injury or death of crewmembers in the event of an emergency or failed
landing.

4. Inflight spatial disorientation and frame of reference problems, triggered by 3D body movements
as well as inversion and visual reorientation illusions. causing reaching errors and spatial
memory problems. difficulty locating emergency egress routes, EVA height vertigo. and
operational difficulties during docking and remote manipulation of payloads that could cause
dangerous collisions.

wn

. Chronic space motion symptoms resulting in decreased crew work capacity. Symptoms include
fatigue, “space stupids™, decreased vigilance. loss of motivation, irritability. gastrointestinal
stasis. anorexia. dehydration, weight loss. side effects of anti-motion sickness drugs and changes
in sleep-wake cycle.

6. Artificial Gravity related disorientation. nausea. vomiting. and loss of coordination. Symptoms
oceur in short and medium radius artificial gravity environments due to Coriolis effects on the
vestibular semicircular canals. and biomechanical Coriolis forces which disturb normal limb
movements. Symptoms necessitate movement restrictions which will compromise crew
productivity.

7. Peripheral and central vestibular function changes due to exposure to microgravity. that may
contribute to orthostatic intolerance on landing. It is also conceivable that changes in otolith or
hair cell function occur after very long duration exposure to weightlessness. or exposure to
radiation and environmental ototoxins (e.g. CO) that could cause permanent impairment of
balance function. If so. these changes could cause loss of crew productivity when landing on a
distant planet or crew injury or death during emergency egress.

9.3 GOALS
The ultimate goal of NSBRI's neurovestibular research program is to develop countermeasures that

ultimately will to allow crewmembers to: avoid disorientation. meet the physical requirements of
emergencies. treat motion sickness without side effects. and safely control vehicles and systems.
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Risk #1 (Vertigo on Rentry and Landing) is believed to represent a serious (“Class I”) risk on long
duration missions. Though Shuttle pilots are aware of the problem, and voluntarily limit head
movements, vehicle accelerations cannot be avoided. Vertigo and nystagmus cause well known
difficulties reading flight instruments. Reentry vertigo has been recognized since the earliest
days of the Shuttle program, but its operational significance has probably been masked by the
traditional “can do” attitude of military-trained pilots who believe they can concentrate on their
instruments and “fly through” episodes of vertigo.  Flight surgeons report that vestibular
disturbances are more severe after long flights. Although the landing vertigo problem has been
manageable on 1-2 week flights, it is likely to become a significant problem if shuttle mission
duration is extended to 3-4 weeks. McClusky, Clark, Stepaniak 2001 (NASA JSC SD2) found
shuttle landing flight technical error (height over threshold. and distance. vertical velocity. and
airspeed speed errors at touchdown on 9 missions ) correlated with intensity of postlfight
neurologic symptoms (9 missions. 8 subjects). Vertigo on short final. flare, or touchdown
could cause loss of vehicle control. Vestibular and related somatosensory factors may have
contributed to pilot induced oscillations on some Shuttle landings. Additional quantitative data
on head movements, vehicle accelerations, and flight technical error are needed. The Shuttle
does not have full autoland capability at all likely landing sites. Countermeasures to pre-adapt
crewmembers or display/flight control changes and training procedures which reduce
disorientation and flight technical error will be required. Providing Shuttle autoland capability
does not completely resolve the problem, since pilots must still have sufficient visual acuity to
monitor displays used in landing.

Risk #2 (Acute space motion sickness) also represents a Class 1 risk during EVA. since the Shuttle
space suit (“EMU”) has no containment bag. In 1980s. Hamilton Standard (P. Heimlich) noted
vomitus in the LiOH canister creates exothermic reaction. and shuts down EMU primary vent
loop. Frozen vomitus in secondary vent nozzle could shut down the secondary vent loop.
leaving only a few minutes of residual in suit O2 remaining. Vomitus is biologically active. so
if there is an episode. the suit cannot be reused unless completely refurbished on the ground.
Vomitus volume could be somewhat reduced by eating/drinking less frequently. but this is often
inappropriate. ~ Modifying the suit to include a vomitus containment receptacle has been
considered, but is expensive and may be impractical. Risk is serious if emergency EVA is
required. Risk exposure currently is currently reduced by prohibition of non-emergency EVAs
before flight day 3. One in-suit vomiting episode has occurred. but before actual EVA began.
Acute vomiting episodes — even during IVA — are momentarily disabling. Drug or behavtoral
countermeasures which reliably and quickly reduce probability of vomiting are needed.
Feasibility of EMU modifications to reduce susceptibility or provide containment should be
reinvestigated. Opening the early-mission window for EVA by 1-2 days will add useful
flexibility in mission planning. and improve overall STS-ISS productivity.

Risk #3 (Postlanding imbalance, instablility. vertigo) remain a concern for all Shuttle crewmembers
in the event an emergency requires rapid cgress from the vchicle. Although recent
cardiovascular and neuromuscular countermeasures have been successful on ISS.
neurovestibular balance problems remain a problem for some individuals. Many crew tested
cannot run 1000 ft on a treadmill. Countermeasures arc needed to pre-adapt returning



crewmembers, to mitigate the risk of injury resulting from an accidental fall. It is also important
to understand whether there is a vestibular contribution to postflight orthostatic hypotension.

Risk #4 (Inflight spatial disorientation and frame of reference problems) are more significant inside
space stations (Mir, ISS) than on Shuttle, due to the complex 3D interior architecture (Richards,
et al, 2001), which provides multiple visual frames of reference. and causes visual reorientation
lusions. Mental rotation and frame of reference problems have been noted in debriefs of some
crewmembers doing ISS robotic ops. Such problems complicated the Mir crew’s response to
the collison with the Progress spacecraft in 1997. Shuttle crewmembers visiting Mir easily
became lost. Mir and ISS crewmembers occasionally report height vertigo when the Earth is in
their lower visual field, and for some the experience has been momentarily disabling. The lack
of visual references cues during the dark half of each orbit has caused disorientation and concemn
among some ISS EVA crew. Potential countermeasures include preflight visual orientation
training — perhaps using appropriate virtual reality techniques or ground simulators — and
improved physiologically based human factors standards for spacecraft architecture and escape
path signage.

Risk #5 Chronic space motion sickness symptoms affect 75% of crewmembers to some degree
during the first 3-5 days in space. and impair the average physical and mental efficiency of
crewmembers, and cause profound somnolence. nausea related inability to follow procedures.
and loss of initiative. The impact on operational capability of the crewmember equals or
exceeds the somnolence produced by other aberrant circadian cues associated with spaceflight.
Though acute space sickness problems are generally confined to the first week. several cases
lasting weeks have been described by Russian colleagues. and there is reason to believe chronic
low grade symptoms (“sopite syndrome”) may persist in some crewmembers for weeks.
Existing drugs were developed to prevent and treat acute space motion sickness, and have
significant side effects. They may not be the best agents for treating chronic space motion
sickness symptoms. Countermeasures include both techniques which accelerate adaptation to
weightlessness. and improved anti-motion sickness drugs and other therapies which can be used
10 block or treat symptoms and signs without unacceptable cognitive or circadian side effects.

Risk #6 Artificial Gravity related disorientation. nausea. vomiting and loss of coordination.
Artificial gravity (AG) remains a potentially important multi-system countermeasure for
neuromuscular. bone. cardiovascular and neurovestibular dysfunction in 0-G. Large radius AG
spacecraft systems are likely at least a decade away., but short radius (2-3 m) systems could be
developed now which fit inside Shuttle or an ISS module.  As a neurovestibular
countermeasure, AG is a double-edged sword: it probably can be used to pre-adapt
crewmembers for return to planetary gravity. but if crewmembers move their heads out of the
plane of rotation. the resulting vestibular Coriolis stimulus potentially produces complex
disorientation and motion sickness. In a rotating artificial gravity environment. with the body’s
principal oriented perpendicular to the axis of rotation. the direction and magnitude of the
vestibular Coriolis effects depend on which way the crewmember happens to be facing. The
extent to which a person can adapt in a context specific way to this kind of stimulus is unclear.
and requires further rescarch. Establishing the values of AG system radius and RPM. and the



duration/repetition rate of AG sessions which are effective for neuromuscular, bone,
cardiovascular and neurovestibular therapies remain a NSBRI wide priority.

Risk #7 Peripheral and central vestibular changes due to prolonged 0-G, radiation, or
environmental toxins. There is no conclusive evidence that prolonged (months to years)
exposure to 0-G produces irreversible vestibular changes, but only half a dozen individuals have
yet flown beyond 6-8 months. Anatomical changes have been seen in vestibular sensory
epithelia in animals on flights of several weeks and longer, but the functional significance of
these changes is unclear. The effects of radiation exposure on the vestibular end organs and
central vestibular system (e.g. brain stem, cerebellum. thalamus, hippocampus)has not been
established. The effects of gravity on the formation of otolith crystals is not well understood.
Loose otoconia will presumably float benignly in 0-G, but returning crewmembers may be more
susceptible to disorienting effects (e.g. cupulolithiasis) during landing and postflight. The lack
of validated, sensitive instrumentation and methods for early detection of impairment of
vestibular reflexes. particularly those associated with response to gravity and linear acceleration
is a continuing problem.

In 1999. the NSBRI neurovestibular team held a workshop in Houston to solicit the advice of a
panel of outside experts. This group mapped the neurovestibular risks of spaceflight into eight
interrelated thematic research areas, and defined a set of critical questions associated with each.
These themes and questions formed the basis for the solicitation for the current research program:

1. Sensory-Motor Adaptation

e Can an individual’s ability to adapt to multiple 'gravitational environments be enhanced so
astronauts can rapidly transition between 1-G and 0-G. 0-G and partial G. or 0-G and artificial G
with minimal performance impairment or motion sickness ? What are the sensory-motor
responses that must change in a functionally adaptive manner during prolonged space flight?
Does such adaptation take place? How can it be reliably measured?

e Can preflight or inflight training accelerate adaptation ? Can these adaptive responses be trained
to be context-specific? What context cues are effective ? Must they be associated with active
movement ? How long does context-specific pre-adaptation last 2 Does adaptation of eye
movements transfer to e.g. arm movement ?

e What is the evidence for and the physiological bases of oscillopsia. disorientation. ataxia.
impaired gaze holding, and reduced dynamic visual acuity reported by crewmembers.
particularly while making head movements during re-entry and immediately postflight?

e Can long-term exposure to space flight impair sensorimotor plasticity?

e What is the mechanism responsible for postflight sensory flashbacks occasionally reported by
some crewmembers ?

e How do countermeasures (e.g.. artificial gravity. inflight excrcise or preflight training) aftect
adaptation rates and levels? How do rates and levels associated with physiological
(sensorimotor. autonomic. emetic) adaptation to microgravity and 3/8 G on Mars correlate with
operational performance changes ?
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What are the appropriate space flight analog environments that can be used as test beds for
evaluating neurological adaptation, adverse operational implications, countermeasures and
impacts of adaptation on other anatomical and physiological systems?

. Artificial Gravity

L2

What are the effects of AG on human eye, head and limb movements ? What are the pros and
cons of artificial gravity (AG) as a countermeasure against the effects of 0-G on neurovestibular
function ? What are the advantages and disadvantages of large radius continuous AG vs. short
radius intermittent AG, and how are these influenced by mission duration and post-landing
environment (Mars vs. Earth)?

Can humans successfully adapt to working perpendicular to the angular velocity vector?

How can transitions between AG levels be eased?

What is the maximum tolerable rotation rate for a given G level? What is the best habituation
schedule?

_ Visual (Multisensory) Orientation. Spatial Memory. and Navigation

£

How do visual and nonvisual cues interact to influence human orientation perception and motor
behavior?

How do visual. vestibular and haptic cues and biases contribute to inversion illusions, visual
reorientation illusions. extravehicular-activity acrophobia, disorientation and poor 3-D spatial
memory in 0-G?

What is the neural basis of inversion illusions. visual reorientation illusions. EVA acrophobia.
disorientation and 3-D spatial memory problems in 0-G?  Does neural coding of place and
direction three dimensional. or is it principally two dimensional due to our terrestrial
evolutionary heritage ? Does the coding change after adaptation to 0-G?

Does 1-G training in simulated environments (e.g. using virtual reality or neutral buoyancy
techniques) reduce disorientation. and improve 3-D spatial memory and performance in
orientation and navigation tasks such as emergency escape 7 Can the architecture and layout of
spacecraft interiors be improved to minimize disorientation ?

How can 0-G immersive teleoperation displays be designed to reduce disorientation and/or
motion sickness? '

“Vestibular/Autonomic/Emetic Physiologyv and Countermeasures

What is the physiological basis for the “sensory conflict” theory for motion sickness 7 What is
the locus and function of the putative “conflict” signal 2 What is the neural or chemical linkage
between balance and emetic centers 2 What mechanisms establish the threshold for nausea and
emesis 2 What neurotransmitter and receptor systems are involved ? Is the physiology of space
motion sickness fundamentally different from other forms of motion sickness ?

How do anti-motion sickness drugs affect sensory-motor adaptation and eye movements ?

Can more effective anti-motion sickness drugs be developed which target emetic centers or the
vestibular-emetic linkage ? Drugs must be effective. casily and safely used over days to weeks
with minimal side effects and must not impair neurovestibular adaptation.
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Can improved anti-motion delivery systems and dose and side effect monitoring systems be
developed? What are the best ground-based techniques for evaluating 0-G pharmacokinetics
and for assessing the effectiveness and side effects of drug countermeasures ?

How does chronic space motion sickness (including sopite syndrome) affect mood. initiative
and interpersonal relationships?

Does the neurovestibular response to weightlessness impair postlanding cardiovascular
regulation and contribute to orthostatic intolerance ? How is it mediated ? What is the effective
frequency range of compensation ? Can an effective countermeasure (e.g.. AG) be developed to
exploit this knowledge?

. Postflight Locomotion and Gaze Assessment

@)

What causes the profound impairments of posture, gaze and locomotion stability in many
returning astronauts (and in vestibular patients), and how can these be quantified?

What causes the large differences in level of impairment observed among different
crewmembers ?

How do these differences correlate with physiological and operational performance changes?
How are the multiple. mutually dependent sensorimotor systems responsible for locomotion
altered by exposure to space flight? For example, what is the role of the vestibulo-ocular,
vestibulo-collic and vestibulo-spinal reflexes in 3-D control of locomotion and gaze while
walking, turning or ascending stairs?

How are target acquisition. smooth pursuit and saccadic mechanisms programmed during
locomotion? How do oculomotor and gait control systems interact during locomotion and head
turning? How is this interplay affected by space flight?

What roles do visual cues play in postflight locomotor control?

In an altered sensory environment. does motor control require increased cognitive resources?
Does this multi-tasking impair performance? Can a dual-task paradigm be used to monitor
adaptation?

What is the linkage between space flight-induced changes in sensory-motor control and
astronaut functional performance?

What measures represent composite and global indicators of locomotor and/or gaze dysfunction
after space flight? What measures are the most efficient and sensitive indicators of changes in
locomotion and/or gaze? What is their correlation with functional performance after space
flight.

. Neurovestibular Rehabilitation

What are the relative contributions of neurovestibular adaptation. neuromuscular deconditioning
and orthostatic intolerance to postflight neuromuscular coordination. ataxia and locomotion
difficulties?

Why do certain astronauts recover balance and locomotion function more rapidly than others
postflight ?

What is the effect of cardiovascular. muscle and skeletal rehabilitation therapies on
neurovestibular recovery. and the converse ?
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e Can preflight or inflight training, balance exercises, sensory aids, prostheses and assessment
techniques improve postlanding postural and locomotor control and functional task performance
9

e How should somatosensory information be used to accelerate neurovestibular redaptation?

e Can crewmembers “learn how to learn” by adapting to surrogate sensory-motor rearrangements
()

e How does attention to a new sensory-motor task affect performance of a secondary task?

~J

_FEffects of Stress. Isolation, Immobilization and Diet on Vestibular Function
What are the effect of psychological stress, isolation. immobilization. and diet on vestibular
function ? How can they be distinguished from the effects of weightlessness and ‘“normal”
physiological variability?
If there are important effects, what countermeasures can be developed?

oo

_Potential Mechanisms For and Diagnosis of Irreversible Neurovestibular Changes
How might very long duration exposure to 0-G or partial G. radiation or environmental toxins
such as carbon monoxide or ethylene glycol cause irreversible (pathophysiological) changes in
central or peripheral vestibular function or development. or cause acceleration of the normal
aging process? What is the likelihood of this ? Would some individuals be more susceptible
than others? What is the potential time course? How could such changes be reliably detected at
an early stage? What is the best way to non-invasively assess the function of the human otolith
end-organs ? How does serum calcium homeostasis impact otoconial turnover?

8.4 DESCRIPTION AND EVALUATION OF THE CURRENT PROGRAM:

NSBRI's neurovestibular research program is led by Dr. Charles Oman (MIT) assisted by Drs.
Bernard Cohen (Mt. Sinai School of Medicine) and Conrad Wall (Harvard Medical School/Mass
Eye and Ear Infirmary). The current research portfolio of seven projects was selected based on a
February. 2000 solicitation (NSBRI1 00-01) and independent peer review. Six of the seven are three
year projects. Three of the projects (double boxed in the figure below) were initiated in 1997, and
competitively renewed in 2000.

Neurovestibular Research Team
CM Onan(Team.eader)
Cwalit pssoae Teamieader)
8 Ooten (Asso@e TearmLeader)

I . 1 1 1 _ 1 1
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The investigators, their institutions, the critical path risks addressed, thematic areas, experimental
model, specific aims, countermeasure types and countermeasure development strategy of each of
the seven projects are summarized below:

Context-Specificity and Other Approaches to Neurovestibular Adaptation.
PI: Mark J. Shelhamer,
Cols: Minor, Zee, Angelaki, Zhou, Wu.
Institutions: Johns Hopkins U. School of Medicine, Washington U., U. Mississippi Med Ctr.
Critical path risks addressed: 1. Vertigo on rentry and landing., 3. Postlanding imbalance and
vertigo.
Thematic area: Sensory Motor Adaptation
Experimental models: Human and animal (primate)
Countermeasure Types: assessment, prediction, training.
Current readiness level: 2
Specific Aims:
e Is torsional eye position a context cue for saccade adaptation ?
e Does a rest interval between stimuli promote adaptive consolidation ?
e Can cyclovergence adaptation provide a countermeasure to ocular torsion changes in
parabolic flight ?
¢ How do pursuit and LVOR deficits correlate in cerebellar lesioned monkeys ?
e How do pursuit and LVOR adaptation transfer across frequencies in humans and monkeys
e (Can LVOR adaptation be trained with pursuit stimuli., and how do cerebellar lesions
influence adaptation.
e Does head tilt adaptation of saccades and VOR transfer to arm movements in monkeys ?
e What is the best way to induce context specific LVOR adaptation in humans ?
e Does the naso-occipial LVOR also show context specific adaptation ?

Neuro-Vestibular Aspects of Artificial Gravity Created by Short-Radius Centrifugation
PI: Laurence R. Young.
Cols: Hecht, Oman, Mast, DiZio. Lackner. Paloski, B. Cohen.
Dai, M. Cohen, Welch, Stone.
Institutions: MIT, Brandeis. NASA-JSC, Mt. Sinai Hospital. NASA-Ames.
Critical Path Risks: 6. Artificial Gravity. 2. Acute space motion sickness. 5. Chronic space motion
sickness
Thematic areas: Artificial G, Drug countermeasures
Experimental model: Human
Countermeasure Types: assessment, training. environmental manipulation. drugs.
Current readiness Level: 4
Specific Aims: Using short and medium radius centrifuges and rotating chairs. to determine:
e How context cues influence VOR. perception and motion sickness adaptation.
e What is the role of sensory-motor (non-vestibular) adaptation to AG ?
e What types of sensory conflict drive adaptation ?
e What are the optimal duty cycles and inter-session intervals ?




Does body orientation re gravity provide a context cue ?

In what way does adaptation generalize to different rotating environments?

How does intermittent training influence the accuracy of head movements ?

How does promethazine affect adaptation and eye movements in humans and monkeys ?

Modification of Eccentric Gaze-Holding,

PI: Millard F. Reschke

Cols: Paloski, Kornilova, Wood, Leigh

Institutions: NASA-JSC, IBMP/Moscow, BCM, University Hospitals of Cleveland
Critical Path Risk: 1 Vertigo on reentry and landing, 3. postlanding vertigo. 7. peripheral or central
vestibular changes.

Thematic areas: Sensory-motor adaptation, Irreversible changes).

Experimental model: Human

Countermeasure types: assessment, prediction, training.

Countermeasure Readiness Level: 2

Specific Aims:

o Effect of tilt and proprioception on centripetal drift time constant

e How rebound nystagmus provides adaptive compensation.

e How centrifugation influences gaze holding.

e Why adaptation fails in cerebellar patients.

e Whether gaze-holding is impaired immediately following spaceflight.

Visual Orientation and Spatial Memory.

PI: Charles M. Oman.

Cols: Howard. Shebilske. Taube. Hecht. Harris. Jenkin. Liu. Stuerzlinger. Institutions MIT. York
University. Dartmouth Medical School. Wright State University.

Critical path risk: 4. Inflight spatial disorientation and frame of reference problems. 2. Acute space
motion sickness etiology.

Thematic area: Orientation and Spatial Memory.

Experimental models: Human and animal (rat)

Countermeasure types: assessment, prediction. training. environmental manipulation. .
Countermeasure Readiness Level: §

Specific aims:

e Human visual orientation. Effects of visual frame. polarity. brightness. motion. and
gravireceptor cues on the subjective vertical. cye movements. and limb movements.

e Three dimensional spatial memory and spatial frameworks. Generic and environment
specific preflight and onboard virtual reality training methods. interior architectural
standards. and escape path countermeasure design and evaluation.

e Neural coding of spatial orientation. How do visual. vestibular. gravireceptive.
proprioceptive, and motor pathways drive limbic head direction cells in the rat. as a
model for visual reorientation illusions in astronauts.




Advanced Techniques to Assess and Counter Gait Ataxia
PI: Conrad Wall I1I
Co-Is:Bloomberg, Oddson, Raphan, Solomon.
Institutions: Mass Eye and Ear Infirmary, NASA-JSC, Boston University, Mt. Sinai Hospital, U.
Penn.
Critical Path Risks: 3. Postlanding imbalance, instability, vertigo.
Thematic area: Locomotion and gaze.
Experimental model: Human
Countermeasure types: assessment, prediction, training, prosthesis.
Countermeasure Readiness Level: 5
Specific Aims:
e Quantify body, head, & eye coordination during perturbed straight walking. And also:
e during straight and circular walking on a circular treadmill.
e while ascending/descending stairs.
e while wearing a tactile prosthetic countermeasure.
e assess effect of dynamic balance exercises.

Understanding Full-Body Gaze Control During Locomotion

PI: Jacob J. Bloomberg, Jacob

Co-I:H. Cohen.

Institutions: NASA-JSC, Baylor College of Medicine

Critical Path Risks: 3. Postlanding imbalance. instability. vertigo. and hyptension.

Thematic area: Locomotion.

Experimental model: Human

Countermeasure types: assessment. prediction. training.

Countermeasure Readiness Level: 5

Specific Aims: How are eye. head. trunk. and lower limb movements coordinated. Specifically:
o How do eye. head. trunk. and legs absorb heel strike while treadmill walking? How do

subjects adapt to magnifying and minifying lenses ?

e To reduced degrees of freedom. for example wearing a neck brace ?
e To wearing knee braces ?

Pharmacological Countermeasures for Space Motion Sickness.

PI: John L. Dornhoffer

Cols: Garcia-Rill, Paule, Van De Heyning.

Institutions: U. Arkansas for Medical Sciences. National Center for Toxicological Res.. U.
Hospital. Antwerp.

Critical Path Risks: 2. Acute space motion sickness. 5 Chronic space motion sickness.
Thematic area: Autonomic/drug

Experimental model: Human

Countermeasure types: assessment. prediction. pharmacological.

Countermeasure Readiness Level: 5

Specific Aims: (2 year project)




e What are the effects of lorazepam, meclizine, promethazine, and scopolamine on coriolis
induced motion sickness symptoms ?

e How do these drugs affect reticular sensory gating (P50 double click auditory evoked
potential), time perception, short term memory, and learning ?

Each of the current projects resembles a small NIH Program Project Grant in that (Boomberg’s
project exceptedall involve multiple experiments conducted concurrently at several institutions,
and significant collaborations between investigators. In addition, there are significant inter-
project collaborations and coordinations. For example, Drs. Wall, Oddson and Bloomberg are
coordinating their locomotion research, and developing a portable locomotion testing platform.
Dr. Minor (Shelhamer project) is assisting Dr. Taube in developing a semicircular canal blocked
animal preparation. Drs. Shelhamer. Solomon. and B. Cohen and are working with JSC clinical
colleagues on development of a postilight neurological assessment battery.

The neurovestibular team has maintained a strong record of scientific productivity. As of the
spring of 2002, we had 23 manuscripts published or submitted. Between 1997 and 2000, the
initial 3 projects published 14 journal articles, along with 3 reports, 6 graduate theses. 23
abstracts. with 15 manuscripts accepted or in review. Eleven graduate students and 10
postdoctoral trainees participated. ~ Two students interned at NASA JSC. and one is now
employed there. In addition. progress is reported annually in written and oral presentations to
the NSBRI External Advisory Council. There is a strong interaction with NASA JSC. Drs Wall
and Oddson are constructing a portable locomotion test platform for the Neurophysiology lab at
JSC. Dr. Shelhamer serves on the JSC Medical Branch Neurophysiology Integrated Project
Team. Dr. B. Cohen serves on the Critical Path Project Review Board.  Dr. Oman. Mr. .
Richards. Dr. J. Clark (JSC) and Dr. Marshburn (JSC & Smart Med. Team) prepared a
retrospective summary of Mir neurovestibular episodes. which was initially distributed to
neurovestibular specialists and crewmembers for comment and has since been submitted for
publication. The team developed a web site to provide project science details. Drs. Wall and
Oman worked with members of the NSBRI Education and Outreach Team at Harvard Medical
School to prepare a vestibular case study for usc in high schools ("Cecilia’s Story™). and Dr. B.
Cohen participated in the summer high school outreach teaching program at Mt. Sinai. The team
has held panels at the Aerospace Medical Association and Neural Control of Movement
meetings. The team is preparing a special issue of the Journal of Vestibular Research in 2002.
and are major participants a 6™ Symposium on the Role of the Vestibular Organs in Space
Exploration in Portland, Oct. 1-3, 2002. This symposium will be a satellite to the concurrent
Barany Society meeting in Seattle. and continues the series initiated at Pensacola in the 1960s
and 70s. We also informally advise several neurovestibular-related projects underway on other
teams: Ray Vestibular Autonomic project /Cardiovascular Team: Morin Vestibular effects on
circadian/Chronobiology; Putcha Intranasal motion sickness drug adminstration/Smart Medicine.

The current project portfolio collectively addresses some aspects of six of the seven critical path
risks and five of the eight potential thematic arcas. Most of the projects have countermeasures
concepts defined and in development. though two currently have not vet reached that stage. Recent
retroactive cuts to the NSBRI budget during FY 2002 have impacted progress on several projects.
Also, there are significant strategic gaps in the current program. partly due to funding limitations



and also to the particular thematic distribution of proposals solicited by the most recent NSBRI
research announcement (NSBRI 00-001).

These strategic gap areas include:

e Vertigo on rentry and landing.

e Vestibular/autonomic/emetic physiology

e Postflight neurovestibular rehabilitation

e Mechanisms of long term spaceflight effects on otolith end organ function and reflexes.

With respect to rentry and landing vertigo, the Shelhamer, Reschke, and Bloomberg projects
address the question of context specific preadaptation for return. and how visual acuity 1s affected
during walking. However none of our current projects focus specifically on rentry disorientation,
acuity loss due to vehicle and/or head movement, or and resulting inappropriate control flight path
error. Some flight surgeons suspect that landing vertigo may become the most significant factor
contributing to mission risk if Shuttle visits are extended to 3-4 weeks, and manual landings
continue to be made. Pilots can practice landing procedures on orbit using laptop flight simulators.
but cannot experience the vehicle accelerations or make head movements in a gravitational
environment until the actual re-entry is flown. As noted earlier, a correlation between landing
parameters and the strength of neurovestibular symptoms has recently been noted. Research is
needed to document the head movements and vehicle accelerations pilots experience. and to better
understand the types of G-excess and otolith-tilt-translation-reinterpretation and other somato-
gravic illusions they produce. Controlled tests on recently returned crewmembers in motion
simulators and the Shuttle Training Aircraft will probably be needed so that its then possible to
develop an appropriate 1-G experimental simulation. and design improved procedures. controls and
displays.

The Young and Dornhoffer projects are studying motion sickness produced by Coriolis stimulation.
and evaluating promethazine and several other agents as potential countermeasures. but a broader
attack on the motion sickness problem is needed. The vestibular/autonomic/emetic area is
challenging because of its interdisciplinary aspects. The physiological basis of the sensory conflict
theory and the linkage to emetic centers remains unknown. Existing anti-motion sickness drugs
have been empirically discovered. A breakthrough in vestibular/autonomic/emetic physiology
could have important implications for development of targeted pharmacologic countermeasures.
Recent research on vestibulo-autonomic reflexes should remain a priority. The vestibular system
thought to play a role in cardiovascular, respiratory. and circadian regulation. but relatively little is
yet known about mechanism or functional significance. =~ NASA and NIH have not provided major
funding for vestibular-emetic research since the early eighties. so the number of active researchers is
very small at the moment. However new research avenues in this area have been potentially opened
in the intervening years the development of modern molecular neuroscience and functional imaging
techniques. A coordinated NASA/NIH research initiative in this basic research area could yield
dramatically important results. ~ Given the almost universal human susceptibility to motion
sickness. validated concepts for targeted pharmacologic approaches to motion sickness could
potentially be of interest to some NSBRI Industry Forum partners. once the fundamental
physiologic breakthrough identification of the emetic linkage mechanism has been made. In
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addition to new agents, improved methods of rapid drug treatment which are less painful than the
present method of intramuscular injection, and which could be used for treatment during EVA are
highly desirable.

Neurovestibular rehabilitation is a challenging area because most of the clinical techniques used
today are empirical, guided by qualitative theories about the relative advantages of adaptation vs.
sensory substitution. Hypothesis-driven research techniques and quantitative assessment techniques
are only slowly entering the field. Astronauts differ physiologically from vestibular patients in
several important ways. There is no widely accepted 1-G research analog for the space environment
which can be used for neurovestibular rehabilitation studies in a manner analogous to the way bed
rest or leg suspension in neuromuscular rehabilitation studies. Further. it is not clear from clinical
experience how to optimize the readaptation and functional recovery of returning flight crews, or
how neurovestibular. neuromuscular, bone, and cardiovascular rehabilitation techniques may
nteract.

Although all of the neurovestibular effects of spaceflight encountered to date are apparently
reversible, it is now clear that in general the longer a person is in 0-G, the longer lasting the
postflight aftereffects, and only a very few people (all of them cosmonauts) have experienced
weightlessness for more than seven months. We cannot confidently predict the potential long term
effects of weightlessness (including systemic changes in body calcium for example) on the
vestibular end organs, on the otolith-ocular and otolith-spinal reflexes. and know if they are
reversible. We do not yet have a reliable. sensitive method for assessing the function of the human
otolith organs. analogous to clinical audiometric testing.

8.5 OBJECTIVES AND STRATEGIC ACTIVITIES

NSBRI research teams normally particpate in steps 2-5 of the countermeasures development
process. After the neurovestibular problems are initially discovered and phenomenologically
described (phase one). our NSBRI research team hypothesizes the physiological mechanisms and/or
cognitive processes responsible for neurovestibular risks; performs the necessary focused
mechanistic research to validate these hypotheses (phase two); formulates potential
countermeasures. and then does the ground and/or parabolic flight experiments to establish their
efficacy (phase three). Most research will initially be done in ground laboratories or in parabolic
flight. We then work with JSC to evaluate whether the countermeasures are practical in an
operational environment. sometimes via simulation(phase four). and an independent. non-advocate
group reviews the case for using the countermeasure. The countermeasure is evaluated on the
ground using surrogate subjects. and then ultimately in flight.

The long term goals of NSBRI’s neurovestibular research program correspond to each of the seven
space flight risk areas. An eighth programmatic goal — to develop improved methods for diagnosis
and treatment of vestibular disorders on Earth is also identified. Tables 8.1-8.8 below outline the
progression of research required to develop countermeasures for each risk area in an ideal program.
Though the 7 existing projects fit well within this framework. the the overall scope of a broad based
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neurovestibular program significantly exceeds the resources now available. For the seven projects
in the current portfolio, the countermeasures development status and type is shown schematically in

Table 8.9.



National Space Biomedical Research Institute
NEURVESTIBULAR ADAPTATION PROGRAM

Table 8.1 Achieving Goal 1: Minimizing risk of vertigo on rentry and landing

Countermeasure Development Phases

2001

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

Phase 0: Observational & Phenomenological Research

Review existing data on effect of vertigo on shuttle flight
technical error, postﬂi{ht visual acuity, and gaze stability.

Phase 1: Focused Mechanistic Research

Monitor and quantify shuttle pilot head movements. vehicle
accelerations.

Quantify incidence and magnitude of nystagmus.
disorientation loss of visual acuity. gaze stability. and linear
VOR components in returning crews.

Quantify effect on simulated landing performance parameters.
Define pilot tasks and head movements in manual. autoland,
and emergency landings.

Develop mathematical models for nystagmus, perception.
manual control errors; vehicle loss scenarios.

Quantify manual control and visual acuity loss under
anal%zous disorientation conditions induced in simulators.

Phase 2: Preliminary Countermeasure Development Research

Conduct simulations to define how changes in pilot role
(supervisory vs. manual) or head up/head down display format
could reduce impact.
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e Develop preflight training techniques to preadapt subjects to
otolith-tilt-translation-reinterpretation and G-excess illusions.

¢ Use models and data to define potential procedural changes to
reduce disorientation.

¢ Define and valuate potential in flight preadaptation techniques
or in flight landing rehearsal countermeasures.

Phase 3: Mature Countermeasure Development Research -

e Develop integrated landing vertigo countermeasure, and verify
feasibility.

Phase 4: Countermeasure Evaluation & Validation

o Testing of integrated countermeasure procedure

Phase S: Operational Implementation of Countermeasure
Strategy
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Table 8.2 Achieving Goal 2: Minimizing risk of acute space motion sickness

Countermeasure Development Phases Pre [2001{2002|2003(2004]2005/2006|2007 | 2008 /200920102011 2012
2001
Phase 0: Observational & Phenomenological Research
Phase 1: Focused Mechanistic Research
e Determine side effects of existing anti-motion sickness drugs l
(e.g. effects on sensory-motor adaptation. eye movements, )
alertness). . i |
e Determine effects of 0-G on drug bioavailability and 1
effectiveness. |
o Determine role of head movements, visual and haptic cues in '
triggering space motion sickness. 1
o FEvaluate potential non-pharmacologic countermeasures (e.g. r
parabolic flight preadaptation. movement restriction, haptic
cues. biofeedback. etc.)
¢ Define options for minimizing impact of vomiting episode in
space suit.
e Define physiological basis of sensory conflict and emetic
linkage in animal models
e Identify new pharmacologic agents which could specifically
block the emetic linkage or increase rate of sensory-motor
adaptation.
e Dectermine what physiological factors determine individual
susceptibility.
o Determine role of brainstem and cerebellar mechanisms in
adaptation.
e Determine effect of acute motion sickness on circadian and
cardio regulatory systems. |
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Phase 2: Preliminary Countermeasure Development Research

o Develop anti-motion sickness drugs targeted at sensory
conflict. emetic linkage or adaptive mechanisms using animal
models.

¢ Evaluate non-pharmacologic motion sickness
countermeasures.

e Develop improved drug delivery and side effect monitoring
techniques.

o [Evaluate techniques for mitigating impact of EVA emesis.

Phase 3: Mature Countermeasure Development Research

e Develop behavioral and pharmacological countermeasures and
test in humans

Phase 4: Countermeasure Evaluation & Validation

e Testing of behavioral and pharmacological countermeasure.

Phase 5: Operational Implementation of Countermeasure
Strategy

146




Table 8.3 Achieving Goal 3: Minimizing risk of postlanding imbalance, vertigo and orthostatic hypotension

Countermeasure Development Phases

2001

2001(2002(2003|2004/2005/2006

2007

2008

2009

2010

2011,2012

Phase 0: Observational & Phenomenological Research

Postflight neurologic exams, posture platform and treadmill
assessments.
Determine incidence of sensory-motor flashbacks.

Phase 1: Focused Mechanistic Research

Develop reliable techniques for quantifying postural.
locomotor and gaze control deficits in returning astronauts.
Determine how head and body motor strategies influence
visual acuity and ability to stand. walk and run.

Determine whether training (e.g. “learn how to learn™) helps
normal subjects rapidly adapt to analog stimuli.

Determine whether there is a significant vestibular
contribution to orthostatic hypotension and dizziness.

A

Determine physiologic basis for intra-individual differences in
magnitude and duration of postﬂight symptoms and si&ns.

Phase 2: Preliminary Countermeasure Development Research

P

Develop normative database for postflight postural, locomotor
and gaze assessment techniques, and relate test parameters to
functional performance loss.

Define preflight and inflight preadaptation techniques.

Define and develop appropriate sensory aids to assist
temporarily disoriented crewmembers.

Identify and evaluate potential neurovestibular and neuromotor
rehabilitation techniques.
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e Identify potential operational changes which would reduce
crew susceptibility to postflight injuries.

e Determine whether vestibular-autonomic factors can be
manipulated to decrease susceptibility to postflight orthostatic
hypotension and dizziness.

Phase 3: Mature Countermeasure Development Research

e Develop integrated countermeasures and test in human
volunteers

Phase 4: Countermeasure Evaluation & Validation

e Testing of integrated countermeasure

Phase 5: Operational Implementation of Countermeasure
Strategy
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Table 8.4 Achieving Goal 4: Minimizing risk of inflight spatial disorientation and frame of reference problems.

Countermeasure Development Phases

Pre
2001

2001

2002{2003/2004{2005/2006/20072008/20092010(2011

2012

Phase 0: Observational & Phenomenological Research

Postflight crew debriefs, task analyses and workstation
evaluations.

Assess 1SS remote manipulation controls and displays to better
define frame-of-reference issues.

Phase 1: Focused Mechanistic Research

Determine how vestibular and environmental visual cues
contribute to spatial disorientation, navigation. hetght vertigo
and frame-of-reference problems.

Determine how gravitational orientation of human subjects
influences the relative weighting of sensory cues.

Determine whether/how “place™ and “direction™ is neurally
coded in 3 dimensions. and limits of human abilities to
interrelate multiple reference frames..

Develop techniques for assessment of individual mental
rotation and spatial memory skills, and susceptibility to height
vertigo. ‘

helght vem&o

Phase 2: Preliminary Countermeasure Development Research

Evaluate use of virtual reality techniques for studies of EVA

Develop generic (e.g. “learn how to learn™) and/or
environment specific training techniques (e.g. using virtual
reality or neutral buoyancy) which could help normal subjects
retain spatial memory while performing 0-G analogous tasks.
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e Develop improved techniques for 3D egress path marking.
“you-are-here™ maps.

e Revise NASA Standard 3000 for spacecraft interior
architecture and workstation layout.

» Identify operational changes which would reduce crew
susceptibility to inflight spatial disorientation and EVA height
vertigo.

Phase 3: Mature Countermeasure Development Research

e Develop countermeasures and test in human volunteers

Phase 4: Countermeasure Evaluation & Validation

e Testing of countermeasures

Phase 5: Operational Implementation of Countermeasure
Strategy
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Table 8.5 Achieving Goal 5: Minimizing risk of chronic space motion sickness symptoms.

Countermeasure Development Phases Pre 2001(2002{2003[2004{20052006(2007|2008|2009|2010|2011|2012
2001
Phase 0: Observational & Phenomenological Research -
e Correlate postflight crew debriefs, neurologic exams,
retrospective task analyses, crew performance, diet, sleep. and
druguse data.

Phase 1: Focused Mechanistic Research

e Identify anti motion sickness drugs and delivery methods
suitable for longer duration administration. and which will
combat sopite syndrome symptoms.

e Develop techniques to quantify attention deficits. somnolence.
vigilance and short term memory loss in chronic motion
sickness.

e Develop methods to quantify attention deficits. short term
memory loss. ability to multi-task. somnolence, and vigilance.

Phase 2: Preliminary Countermeasure Development Research

o Test anti-sopite drugs on normal subjects experiencing chronic
motion sickness symptoms (e.g. produced in rotating rooms or
by prism wear). Lvaluate for both effectiveness and cognitive
and circadian side effects.

¢ Identify operational changes which would reduce crew
susceptibility to and impact of chronic space motion sickness.

Phase 3: Mature Countermeasure Development Research

e Develop countermeasures and test in human volunteers
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Phase 4: Countermeasure Evaluation & Validation

e Testing of countermeasures

Phase 5: Operational Implementation of Countermeasure
Strategy




Table 8.6 _Achieving Goal 6: Minimizing risk of artificial gravity related disorientation, nausea, vomiting and loss

of coordination.

153

Countermeasure Development Phases Pre [2001]2002(2003|2004 2005|2006 2007|2008 2009 (2010|2011 (2012
2001
Phase 0: Observational & Phenomenological Research
Phase 1: Focused Mechanistic Research
e Determine whether human subjects show context specific
oculomotor and sensory-motor adaptation to vestibular
Coriolis stimulation.
e Determine how radius, RPM, G level, duration. and repetition
rate limits for subjects oriented perpendicular to the angular
velocity vector.
¢ Determine whether adaptation generalizes to different rotation
environments.
¢ Lvaluate intermittent artificial gravity as a potential
countermeasure for adverse cardiovascular. musculo-skeletal
and neurovestibular effects of long duration spaceflight. using
analog models.
Phase 2: Preliminary Countermeasure Development Research
e FEvaluate short radius centrifuge designs for use as a multi-
system countermeasure on ISS class missions.
e Determine optimal adaptation schedule for chosen radius,
RPM.
e Define medium large radius centrifuge concepts for eventual
use on planetary missions.
L



Phase 3: Mature Countermeasure Development Research

o Develop countermeasure protocols and test in human
volunteers

Phase 4: Countermeasure Evaluation & Validation

o Evaluate prototype short radius centrifuge countermeasure in
flight.

Phase S: Operational Implementation of Countermeasure
Strategy
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Table 8.7 Achieving Goal 7: Minimizing risk of permanent vestibular function change .

Countermeasure Development Phases

Pre
2001

2001

2002|2003(2004

2005

2006

2007

2008

2009

2010

2011

2012

Phase 0: Observational & Phenomenological Research

Evaluate postflight crew debriefs and neurologic exams of
long duration crew for evidence of irreversible vestibular
changes. and exposure of crew to significant radiation or
environmental toxins.

Retrospective testing of vestibular function using currently
available techniques of previously flown long duration
crewmembers.

-

Phase 1;: Focused Mechanistic Research

Investigate effects of prolonged 0-G exposure on otolith
formation and resorption, vestibular sensory epithelia in
animal models, and identify potential mechanisms.
Determine effects of potential environmental toxins (e.g.
carbon monoxide, ethylene glycol) on central and peripheral
vestibular function.

Determine effects of radiation exposure on central and
peripheral vestibular function.

Determine the effect of age, stress, isolation. and
immobilization on vestibular function.

Phase 2: Preliminary Countermeasure Development Research

Develop sensitive techniques for early detection of impairment
of peripheral and central vestibular function.

Develop appropriate evidence-based countermeasures. based
on understanding of physiologic mechanisms.
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Phase 3: Mature Countermeasure Development Research

o Testing of normals and vestibular patients using new
techniques.

Phase 4: Countermeasure Evaluation & Validation

o Ifevidence for long duration changes warrants. continue
countermeasure development.

Phase §: Operational Implementation of Countermeasure
Strategy

e Retrospective testing of previously flown long duration
crewmembers using new techniques.
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Table 8.8 Achieving Goal 8: Improving methods for diagnosis and treatment of vestibular disorders on Earth.

Countermeasure Development Phases Pre [2001|2002(2003|2004|2005|20062007 |2008|2009(2010|2011 2012
2001

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

e Define the physiological mechanisms responsible for otolith
formation and resorption, and vestibulo-ocular. vestibulo-
collic, and vestibulo-spinal reflex adaptation.

e Define physiological basis of motion sickness, including
sensory conflict and emetic linkage in animal models. Identify
pharmacologic agents which could specifically block the
emetic linkage or increase rate of sensory-motor adaptation.

¢ Define the role of the vestibular system in cardiovascular
regulation.

¢ Determine effects of potential environmental toxins (e.g.
carbon monoxide. ethvlene glycol) on central and peripheral
vestibular function.

e Determine effects of radiation exposure on central and
peripheral vestibular function.

¢ Determine the effect of age, stress, isolation. and
immobilization on vestibular sensory epithelia in animal
models. and identify potential mechanisms.

Phase 2: Preliminary Countermeasure Development Research

e Develop anti-motion sickness drugs targeted at sensory
conflict, emetic linkage or adaptive mechanisms using animal
models.
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¢ FEvaluate non-pharmacologic countermeasures for motion
sickness.

¢ Identify and develop sensory aids and rehabilitation techniques
for use by vestibular patients.

e Develop sensitive techniques for early detection of impairment
of vestibular function with particular emphasis on diagnosis of
otolith related pathologies.

e Develop appropriate evidence-based countermeasures, based
on understanding of physiologic mechanisms.

Phase 3: Mature Countermeasure Development Research

e Testing of normals and vestibular patients using new
techniques.

Phase 4: Countermeasure Evaluation & Validation

¢ Continue countermeasure development.

Phase 5: Operational Implementation of Countermeasure
Strategy

¢ Deploy countermeasures in a clinical setting.
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Table 8.9 Countermeasures development status of existing program

components
Filled arrows show the current (2001) status, and the open arrows show the phases required during
the next decade
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Some projects are transitioning research products beyond CRLS5 this year. For example. the Wall
project is finishing a locomotion evaluation platform which will be used by JSC in testing. and the
Bloomberg project is using some components developed with NSBRI support in JSC astronaut
testing. The Oman project is preparing a proposal for preflight astronaut spatial memory training.
and a draft revision of NASA Standard 3000 for work arca layout and architecture. The Young
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project team wrote a preliminary plan last year for potential use of an AG countermeasure on a
proposed (but since cancelled) Shuttle/Spacehab mission. There have also been useful negative
results. For example, Dorhoffer recently showed that lorazepam 1 mg. p.o. was ineffective against
laboratory coriolis induced motion sickness.

Realistically not all of the current countermeasures development efforts will be successful. Those
projects which fail to generate countermeasures concepts (Step 3) will be discontinued . When
countermeasures concepts prove ineffective (Step 4). the thrust of the project will be redirected.
Developing an effective working relationship with our NASA scientific and clinical colleagues is a
priority for our team during the next five years. Once countermeasure reliability is established
assessment using preflight/postflight testing (e.g. locomotion and dynamic acuity tests) is relatively
straightforward. Ground facilities needed for neurovestibular research include a neurovestibular
testing laboratory for pre and postflight experiments, equipped with angular, linear, and artificial
gravity stimulus devices, 3D eye movement, whole body kinematic, otolith, posture and locomotion
testing and immersive VR display equipment. Access to the VMS Shuttle landing simulator and the
Shuttle Training Aircraft for studies of landing vertigo and JSC immersive VR facilities for
preflight visual orientation training is also forseen.

Other types of countermeasures (e.g. those involving environmental manipulations such as artificial
gravity) can ultimately only be validated via spaceflight. ~Unfortunately NASA budget caps and
descoping of planned activities on ISS over the next few years will significantly limit the number of
subjects available initially. Experiments must be carefully planned. Hopefully by the end of this
decade access to space flight and opportunities for sophisticated experimentation will increase.
There are several basic human and animal neurovestibular experiments (associated with the
hypothesis testing phase of countermeasures development level 3) that will eventually require
access to ISS and Shuttle crewmembers preflight. inflight and postflight for large n longitudinal
studies. Orbital research facilities include a short or medium radius human centrifuge for both
neurovestibular adaptation research and countecrmeasure use. Also needed will be second
generation eye, head. and body movement research equipment with capabilities beyond those
currently aboard the 1SS-Human Research Facility.

160



10.0 NUTRITION, PHYSICAL FITNESS & REHABILITATION

Team Leader: Joanne R. Lupton, Ph.D.
Regents Professor and William W. Allen Endowed Chair
in Human Nutrition
Texas A&M University
213 Kleberg Center, MS 2471
College Station, TX 77843-2471
979-845-0850
979-862-1862 FAX
jlupton@tamu.edu

10.1 INTRODUCTION

Optimal human performance during space exploration requires the maintenance of all
physiological systems, such as cardiovascular capacity, bone mineral density, and skeletal muscle
function. Adequate nutrition and physical fitness affect all physiological functions and are
dependent in part on each other. Not only must energy expended on physical activity be baknced
by appropriate food intake, but also the timing of exercise with respect to food ingestion must be
well planned since it impacts such important physiological effects as uptake of amino acids into
muscle. Thus specific nutrients, ingested at the appropriate time, may help to maintain muscle
mass. In addition. the appropriate combination of foods may result in release of glucose into the
blood over time. and contribute to the maintenance of a high-energy status, which maximizes
physical performance. The critical issues for nutrition are: (1) counteracting the observed
anorexia of space flight; (2) determining nutrient needs to meet modified requirements due to
space flight stressors including microgravity: and (3) developing new strategies including use of
functional foods. supplements, and timing of food intake relative to specific activities that will
optimize human performance. Equally important is remaining physically fit. Critical issues for
physical fitness include: (1) development of appropriate protocols with respect to frequency.
duration and intensity of aerobic and resistive exercisc: (2) development of appropriate
equipment (relevant to space flight) to maintain aerobic capacity and muscle performance (as
measured by strength and endurance): and (3) optimizing the appropriate timing of exercise
programs with respect to food intake and other activities (c.g. extra vehicular activity: EVA).
Since physical activity will, in part, determine nutrient needs. and the optimization of nutrient
delivery will in part depend upon blood flow and muscle mass (which are affected by physical
activity), these two disciplines need to be considered together.

10.2 RISKS

Relevant risks (numbered in parentheses) that may be ameliorated by nutrition and physical
activity interventions are found in many Discipline Areas of the Critical Path Roadmap:

Food and Nutrition:
e Inadequate Nutrition (Malnutrition) (7)
e Human Performance Failure Due to Nutritional Deficiencies (35)
e Difficulty of Rehabilitation Following Landing Duc to Nutritional Deficiencies (54)




Muscle Alterations and Atrophy:

e Loss of Skeletal Muscle Mass, Strength, and/or Endurance (28)

e Inability to Perform Tasks Due to Motor Performance, Muscle Endurance, and Disruption
in Structural and Functional Properties of Soft and Hard Connective Tissues of the Axial
Skeleton (29)

e Inability to Sustain Muscle Performance Levels to Meet Demands of Performing
Activities of Varying Intensities (30)

e Propensity to Develop Muscle Injury, Connective Tissue Dysfunction, and Bone Fracture
Due to Deficiencies in Motor Skill, Muscle Strength and Muscular Fatigue (31)

e Impact of Deficits in Skeletal Muscle Structure and Function on other Systems (32)

Bone Loss:

e Acceleration of Osteoporosis (9)
Fracture/Impaired Fracture Healing (10)
Injury to Soft Connective Tissue (11)
Renal Stone Formation (12)

Cardiovascular Alterations:
e Occurrence of Cardiac Dysrhythmias (13)
Impaired Response to Orthostatic Stress (14)
Diminished Cardiac Function (15)
Manifestation of Previously Asymptomatic Cardiovascular Disease (16)
Impaired Cardiovascular Response to Exercise Stress (17)

Human Behavior and Performance:
e Human Performance Failure Because of Poor Psychosocial Adaptation (18)
e Human Performance Failure Because of Sleep and Circadian Problems (19)
e Human Performance Failure Because of Neurobehavioral Dysfunction (21)

Immunology. Infection and Hematology:
Immunodeficiency/Infections (22)

Altered Wound Healing (25)

Altered Host-Microbial Interactions (26)
Allergies and Hypersensitivity Reactions (27)

Neurovestibular Adaptation:
e Disorientation and Inability to Perform Landing, Egress, or Other Physical Tasks
Especially During/After G-Level Changes (33)
¢ Impaired Neuromuscular Coordination and/or Strength (34)
e Impaired Cognitive and/or Physical Performance Due to Motion Sickness Symptoms or
Treatments. Especially During/After G-Level Changes (35) -

Radiation Effects:
e Carcinogenesis Caused by Radiation (38)

Clinical Capabilities:
e Altered Pharmacodynamics and Adverse Drug Reactions (45)
e Development and Treatment of Space-Related Decompression Sickness (47)
¢ Difficulty of Rehabilitation Following Landing (48)
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Multisystem Alterations:

Post-landing Alterations in Various Systems Resulting in Severe Performance
Decrements and Injuries (49)

The number of risks impacted by the level of nutrition and physical fitness is enormous,
revealing the very interdisciplinary nature of the concerns of the Nutrition and Physical Fitness
Team. In order to allow for the creation of a well-managed research program, we have modified
the risks into broader “categories” of risk that can then be addressed more readily in our program.
They are as follows:

10.2

Suboptimal Nutritional Status due in part to Microgravity and other Stressors
Suboptimal Level of Physical Fitness Induced by Microgravity and other Stressors
Diminution of Skeletal Muscle Function

Reduced Cardiovascular Capacity ‘

Radiation Enhanced Development of Cancer

Decreased Cognitive Function

Alterations in Sleep Patterns

Poor Psychosocial Adaptation

Depressed Immune Function

Loss of Bone Mineral Density

GOALS

The Nutrition. Physical Fitness and Rehabilitation Team has the following goals for its program.

Risk-Based Goals

Goal 1: Reduce Risk of Suboptimal Nutritional Status

Goal 2: Reduce Risk of Suboptimal Physical Fitness

Goal 3: Reduce Risk of Diminution of Skeletal Muscle Function
Goal 4: Reduce Risk of Reduced Cardiovascular Capacity

Goal 5: Reduce Risk of Radiation Enhanced Development of Cancer
Goal 6: Reduce Risk of Decreased Cognitive Function

Goal 7: Reduce Risk of Alterations in Sleep Patterns

Goal 8: Reduce Risk of Poor Psychosocial Adaptation

Goal 9: Reduce Risk of Depressed Immune Function

Goal 10: Reduce Risk of Loss of Bone Mineral Density
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Non Risk-Based Goals

Goal 11: Develop Monitoring methods for assessment of food intake and physical
activity.

Goal 12: Develop noninvasive techniques for assessing the effectiveness of diet and
physical fitness interventions.

Goal 13: Develop Earth-based Applications for diet and physical fitness interventions

Goal 14: Integrate Research and Analysis

10.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The Nutrition and Physical Fitness team will develop countermeasures to most but not all of the
risks noted in Section 9.2 above. Our primary immediate area of focus is on goals 1-5 and 11-13.
Goal 1 (Reduce Risk of Suboptimal Nutritional Status) and Goal 2 (Reduce Risk of Suboptimal
Physical Fitness) are our two primary goals. In fact, these two goals underlie all of the others.
since if an individual is not physically fit and nutritionally replete. every organ system will be
affected. The third goal (Reduce Risk of Diminution of Skeletal Muscle Function) is the focus of
four of the five current research projects and has served to integrate nutrition and physical fitness
in our current team program. Goal Four (Reduce Risk of Reduced Cardiovascular Capacity)
follows from Goal 2. since optimal physical fitness will. by definition, improve cardiovascular
capacity. Goal 5 (Reduce Risk of Radiation Enhanced Development of Cancer) is also addressed
by the current research program with the Lupton radiation and colon cancer model. Additional
non risk-based goals include developing monitoring systems for food intake and exercise which
are noninvasive and require as little crew input as possible (Goal 11) and developing noninvasive
techniques for assessing the effectiveness of diet and physical fitness interventions (Goal 12).
Finally. nutrition and physical fitness countermeasures lend themselves very well to the
development of Earth-based applications (Goal 13). For example. a well-designed amino acid
supplement could improve protein synthesis not only in space but also on Earth and may be
effective for patients with muscle loss due to stress. wasting. burns, etc. As another example. a
resistance exercise device that effectively helps maintain muscle mass can also be used for
individuals in nursing homes. under bed rest conditions. etc.

Although the potential impact of diet and exercise on reducing the risk of decreased cognitive
function (Goal 6); alterations in sleep patterns (Goal 7); and the risk of poor psychosocial
adaptation (Goal 8) is very strong, the basic science of how diet and exercise impact these risks is
not as fully developed as it is for the other goals. For that reason we will concentrate our initial
efforts in those areas where we expect to see the most immediate use of countermeasures based
on strong basic science. Similarly, Goal 9 (reduce risk of depressed immune function) and Goal
10 (reduce risk of loss of bone mineral density) will not be a major component of the Nutrition
and Physical Fitness Team's research agenda until the team becomes more mature. The specific
risks of space flight to immune function are just now being elucidated. When the risks are more
clearly defined. the dict and exercise countermeasures will be able to be developed in a more
targeted manner. With respect to bone mineral density. NSBRI has a strong bone team. which
has a variety of countermeasure approaches to this problem. In addition. NASA has a strong
nutrition team with solid expertise in calcium metabolism and bone turnover. For these reasons
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we have chosen, at this time, to measure indicators of immune function and bone health in
projects as appropriate, to cooperate/collaborate with NASA scientists in these areas, but not to
have them as primary areas of focus in this initial period.

The Nutrition and Physical Fitness Team is new, and became operational in 2001. It presently
consists of three nutrition countermeasure projects (Lupton, Wolfe, and Tobin), an “in flight”
physical fitness project (Schneider) which is at the feasibility stage, and a modeling project
(Cabrera) which was recently assigned to the team from the former Human Integrated Function
Team. Table 10.1, entitled “Current Project Research Activities,” summiarizes for each current
Nutrition and Physical Fitness Team project what risks are addressed. the experimental system,
the countermeasure target and whether a project is part of the strategic steps of Phase 1,2 or 3
Activities.

Specifically, Nutritional Countermeasures to Radiation Exposure. JR Lupton, Pl, Texas A&M
University, is testing the hypothesis that a particular diet intervention (an n-3 lipid and
fermentable fiber combination) in rats should protect against radiation-enhanced colon cancer by
targeting DNA damaged cells for apoptotic removal. It is directed to Goal 5: Reduce Risk of
Radiation Enhanced Development of Cancer and will also contribute to Goal 1. Rats receive one
of four diets, are exposed to heavy iron radiation at Brookhaven Nationa] Laboratory and are
injected (or not) with a colon specific carcinogen. A variety of measurements are taken at three
stages of the tumorigenic process (initiation, promotion. and final tumor development). This
project also has a noninvasive component of monitoring changes in gene expression over time as
a result of radiation and carcinogen exposure using microarray technology. If validated in rats,
the diets and techniques can be modified for future studies in humans. This noninvasive
technology is also directed at Goal 12: Develop noninvasive techniques for assessing the
effectiveness of diet and physical fitness interventions.

Skeletal Muscle Response to Bed Rest and Cortisol Induced Stress. R R. Wolfe. PL. University
of Texas Medical Branch at Galveston. is testing an amino acid supplement designed to
ameliorate muscle wasting induced by stress-and microgravity-induced depression of protein
synthesis in a bed rest study. The study consists of 12 individuals with or without consumption of
the supplement in a 30-day bed rest trial. A unique feature of this study is the use of a cortisol
infusion at two times during the intervention period to mimic (in part) the documented elevated
cortisol levels during space flight. Although primarily targeted to Goal 3: Reduce Risk of
Diminution of Skeletal Muscle Function. we have considered this bed rest study to be our
cornerstone project and have added a large number of ancillary grants which use the bed rest
model and the nutritional intervention to address issues related to other goals. These “add on™
projects will be discussed further in reference to Goal 14: Integrate Research and Analysis. To
summarize here, separate projects working off of the Wolfe bed rest study are targeted to: Goal
1: Reduce Risk of Suboptimal Nutritional Status: Goal 2: Reduce Risk of Suboptimal Physical
Fitness: Goal 3: Reduce Risk of Diminution of Skeletal Muscle Function: Goal 9: Reduce Risk
of Depressed Immune Function: Goal 10: Reduce Risk of Loss of Bone Mineral Density: and
Goal 14: Integrate Research and Analysis.

Nutritional Modulation of Pancreatic Endocrine Function in Microgravity. B. W. Tobin. PIl.
Mercer University School of Medicine, will determine amino acid countermecasure effects on
endocrine function of human pancreatic islets of Langerhans with the goal to optimizing insulin
synthesis and secretion under microgravity conditions. Dr. Tobin uses human pancreatic islet
cells cultured on static plates or in a high aspect ratio vessel (HARV) designed to replicate some
of the conditions of microgravity. The goal of this research project is to determine how different
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physiological conditions, characterized by over or under expression of certain hormones, affect
insulin secretion and to develop an amino acid combination that will optimize this secretion. In
becoming part of the Nutrition and Physical Fitness Team, Dr. Tobin has added a myocyte
culture model to determine the effect of maximizing insulin secretion on muscle cell response.
In addition to targeting Goal 1 (as do all nutrition based projects), this project specifically
addresses Goal 3: Reduce Risk of Diminution of Skeletal Muscle Function, since uptake of
amino acids into muscle is governed by insulin. Optimal insulin synthesis should maximize
uptake of amino acids into muscle and thus enhance muscle protein synthesis. The other goal
targeted by this research project is Goal 14: Integrate Research and Analysis. This goal will be
described more fully later under Goal 14, but briefly stated, Tobin’s project is using the amino
acid levels found in blood of subjects from Wolfe’s bed rest study who have received his amino
acid supplement. Thus, there is integration between these two projects.

Treadmill Exercise as a Countermeasure for Microgravity Deconditioning, S. M. Schneider, PI,
University of New Mexico, will evaluate, in flight, the effectiveness of two treadmill
countermeasures to maintain aerobic capacity and leg strength, prevent increases in bone
resorption and help prevent muscle atrophy. The anticipated countermeasure resulting from this
research program will be an optimally designed treadmill, with a protocol that maximizes the
above outcome measures, and is achieved with the least time expenditure. This research targets
Goals 2, 3, 4, and 10.

Metabolic Adaptations of Skeletal Muscle 10 Training/Detraining. A Systems Model, M. E.
Cabrera, Pl. Case Western Reserve University, uses mathematical modeling to perform
quantitative predictions of work capacity after periods of training/detraining. These models and
predictive equations are based on data from animal and human studies and will provide a
framework for quantitative understanding of the skeletal muscle metabolic adaptations to periods
of training and detraining. Part of the database used in these predictive equations is nutritional
information or metabolic status. Therefore, this research project serves to integrate nutrition and
physical fitness and targets goals 1. 2, and 3. as well as. goal 14, integration.

We anticipate that the ground based research summarized above. combined with future projects
discussed below. will eventually result in three fundamental countermeasure strategies to provide
optimal nutrition and physical fitness. which in turn will ameliorate the risks shown in section
10.2. These general. broad-based strategies are summarized below.

1) Development of the rationale and mechanistic justification for a combination of
traditional and targeted functional foods which are highly palatable and designed to minimize
the risks summarized in section 9.2, without negatively impacting either food intake or other
risks for which they may not be specifically targeted. For example. an amino acid supplement
designed to enhance protein synthesis should not depress immune response or negatively impact
bone health. A coordinated effort at the team level is required to achieve this goal. Some of
these foods/supplements will be general to meet the nutrient requirements for all individuals in
space. Others may need to be task specific. e.g. time-release energy foods for prolonged activity
without additional food intake such as may be experienced during EVA. Although it is not the
goal of the nutrition team to develop the foods and supplements. it is a team goal to determine
the requirements for what should be in those foods/supplements.

2) Development of an exercise protocol. and the appropriate equipment [o maximize both

muscle strength. lean body mass. bone strength, and aerobic capacity. Studies will be designed
to determine the optimal as well as minimal prescription for frequency. duration. and intensity of
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the exercise countermeasure to obtain the most time efficient method to maintain muscle and
cardiovascular capacity. Traditionally, this prescription is considered to involve two types of
exercise protocols (resistance training and aerobic exercise), but where possible, their integration
should be a priority. For example the Schneider project involves optimizing protocols for
treadmill exercise. This form of exercise is typically considered an aerobic exercise, but properly
structured with appropriate force and heel strike requirements; it may also contribute to leg
muscle strength and potentially have a positive effect on bone strength (outcomes which are
being tested with the proposed protocol). The overall intention of the physical fitness program is
to produce the most physically fit individual (from both a strength and aerobic viewpoint) in the
least amount of time. Since exercise takes time from other tasks and also requires energy input,
which means greater food intake, accomplishing this task will have many benefits. In addition,
the Nutrition and Physical Fitness Team is aware that different forms of preflight and in-flight
physical exercise are a major countermeasure thrust for the Muscle Team and will work with the
Muscle Team to coordinate and maximize the effectiveness of our collective programs to address
shared goals.

3) Development of a strategy of timing of food intake with respect to physical activity.
This countermeasure plan will be key to the overall health of individuals in space. Often
overlooked, when one eats with respect to when one exercises has important consequences for
overall utilization of nutrients and for human performance. The current recommendations for
food intake timing with respect to exercise as practiced in flight are not based on strong scientific
studies. A scientific basis for the timing of food intake and exercise prescriptions is needed. For
example, R. Wolfe has shown in human studies. that providing amino acids prior to rather than
after an exercise bout will enhance protein synthesis by up to three fold. Also. the appropriate
combination of foods or new functional foods with time release components could provide a
certain level of blood glucose over extended periods of time so that exercise or other tasks such
as EVA could be performed without stopping to eat.

Keeping these three overarching countermeasure strategies in mind. the following 1s a discussion
of the current status and future plans of the program with respect to the ten risk-based and four
non-risk based goals defined in section 10.3. As noted above. goals 1 and 2 are considered
central to all of the other goals. They are (1) Reduce Risk of Suboptimal Nutritional Status and
(2) Reduce Risk of Suboptimal Physical Fitness. With respect to Goal 1. designing optimal diets
for individuals in space is not just taking the recommended dietary reference intake values
(DRIs) developed for Americans and Canadians and modifying them for microgravity conditions.
Optimal nutritional status for maximal performance both in space and for optimal health after
space flight has to be more than meeting minimal RDI requirements. One needs to ask the
question. “Optimal for what?”. and in this case it is for maintaining muscle strength. bone mass.
immune function, etc. This fact means that all of the nutrition projects (Lupton. Wolfe and
Tobin) are addressing various aspects of what would represent optimal nutrition — Lupton from a
view towards protecting against radiation-enhanced cancer: Wolfe and Tobin from the viewpoint
of maintaining muscle mass through amino acid uptake into muscle and appropriate insulin
response. However, this view also means that many aspects of “optimal nutrition” are not
currently being addressed. The most critical gap in meeting this goal is the absence of a program
that deals with the anorexia of space flight. If one does not consume sufficient food. no matter
how well designed the food is. the individual will not be nutritionally replete. Although clearly a
multifactorial problem involving such diverse factors as psychosocial interactions. scheduling
tasks. food palatability and ease of access and preparation. nausea and gastrointestinal
disturbances. there appears to be a less clear. additional. causative factor induced by microgravity
which is independent of other factors and results in diminished food intake. Alleviating this
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anorexia of space flight is a high priority for the Nutrition and Physical Fitness Team and was the
basis for a listed priority item in the recent request for proposals in the last combined
NASA/NSBRI funding announcement. The Team has benefited greatly from the combined
expertise of Helen Lane and Scott Smith from NASA/JSC who know what has been tried in the
past, what works and what does not work with respect to nutrition. These two individuals are on
our team, are an integral part of our meetings and conference calls, and will assist in resolving
this issue.

With respect to Goal 2 (Reduce Risk of Suboptimal Physical Fitness), again, development of
successful countermeasures to meet this goal underlies all of the other goals. In many ways.
there are already potential countermeasures at a high stage of development (exercise equipment
and protocols) and with further relatively simple studies we could have countermeasures in place
within a rapid time frame. The Schneider protocol is an example of such a study, which really
tests the duration and intensity of treadmill exercise required to meet several “success” criteria.
Studies such as this one will provide the scientific basis for exercise prescriptions. The Nutrition
and Physical Fitness Team sees Goal 2 as being very practically oriented, rather than at the level
of basic science. Protocols to be tested need to be ones that can be used in space and should aim
towards the maximum benefits in the shortest amount of time. If funding for this team were
increased, our next two subgoals within this goal would be: first. to have an exercise intervention
which involves both aerobic and resistive training and second. to initiate a study designed to
integrate exercise with diet (such as a study that would use the same protocol as the Wolfe bed
rest study). This suggestion was also part of the request for proposals that went out in response
to the combined NASA/NSBRI grants program in late 2001.

Goal 3 (Reduce Risk of Diminution of Skeletal Muscle Function) is the primary research focus of
the current program, and four out of the five projects address this goal (Wolfe. Tobin. Schneider.
Cabrera). The problem addressed is that muscular inactivity leads to decreased protein synthesis.
This problem is compounded by the fact that stress (mediated by moderate hypercortisolemia)
leads to increased protein breakdown. The combined effect of decreased synthesis and increased
breakdown results in loss of skeletal muscle mass. which leads to loss of muscle strength. This
compromises crew capabilities. including EVA or potential emergency egress. Countermeasures
1o these risks include an amino acid supplement designed to enhance protein synthesis (Wolfe
hedrest study) which should also enhance insulin secretion and thus amino acid uptake into
muscle and muscle synthesis (Tobin. insulin secretion). This dietary countermeasure, combined
with an appropriate treadmill exercise should help maintain leg strength and aerobic capacity
(Schneider, treadmill), positively affecting both muscle strength and uptake of amino acids into
muscle for protein synthesis. Finally. the newest addition to the team (Cabrera, modeling
adaptations of skeletal muscle). will take data from the Wolfe. Tobin and Schneider programs
and combine it with existing data from previously conducted research. to develop equations that
will predict work capacity after periods of training/detraining. Progress towards achieving this
goal is advancing. and the goal is adequately addressed by current research projects. In addition,
as we more fully integrate with the Muscle Team (Sce Goal #14). our combined strengths in this
area position us to advance rapidly through phases of countermeasure development.

Goal 4 (Reduce Risk of Reduced Cardiovascular Capacity) is partially addressed by the
Schneider treadmill project. Additional acrobic exercise based protocols proposed by this team
or others could serve to reduce further the risk of diminished cardiovascular capacity. The
NSBRI cardiovascular team is also tackling various aspects of this problem directly. Given
limited resources. therefore. our Team does not recommend a new project specifically targeted to
cardiovascular capacity that is independent of enhancing aerobic capacity.
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Goal 5 (Reduce Risk of Radiation Enhanced Development of Cancer) is currently being
addressed by the Lupton project. Risks to personnel in space from radiation exposure are
considered to be a tier one problem by NASA. A primary risk of radiation exposure is later
cancer development. Of all the cancers, colon cancer is the second leading cause of death from
cancer in the United States today. It strikes men and women equally. On the positive side, it is
the cancer most amenable to diet intervention. Thus, studying mechanisms by which we can
protect against the development of this cancer with respect to previous radiation exposure is
important. To maximize our effectiveness in addressing this goal, future plans involve adding on
projects to work off of the Lupton rat study. since rats irradiated at Brookhaven and kept through
until tumor formation are a valuable resource that should be shared wherever possible. In
addition, we plan to collaborate more closely with the Radiation Team in the future, in particular
with Dr. Ann Kennedy. who also has a diet/radiation project using antioxidants.

Goal 6: Reduce Risk of Decreased Cognitive Function; Goal 7: Reduce Risk of Alterations in
Sleep Patterns; Goal 8: Reduce Risk of Poor Psychosocial Adaptation are not part of the current
program and are not anticipated to be part of the program in the near future. However, these are
important risks, which are amenable to diet and/or exercise interventions. Nutrition and Physical
Fitness are both interventions that affect all body systems and almost every risk. The challenge is
to concentrate on those risks that have the best science base already established so that the
NSBRI program can more rapidly achieve production of countermeasures. Goals 6.7 and 8 are at
an early stage of scientific knowledge and therefore will be part of the program in the future
rather than at this time.

Goal 9: Reduce Risk of Depressed Immune Function will not be addressed at this time. As
mentioned above. the key risks of space flight to compromised immune function are being
defined at this time. Therefore. the science is somewhat less mature than that for how muscle
behaves during flight. For that reason, this goal will not be a primary area of research focus at
this time. However. we currently have two projects related to this goal which are working off the
Wolfe bedrest study: (1) Effects of bed-rest on immune and inflammatory reaction and it’s
modulation by corticosteroids. P. Uchakin. P1. Mercer University. Uchakin's hypothesis is that
stress during inactivity alters the balance between cell-mediated and humoral immunity. (2)
Effects of prolonged bedrest on herpesvirus-specific immunity. R. Stowe. PL UTMB. The
group's hypothesis is that prolonged bedrest will result in increased reactivation of latent herpes
viruses.

Goal 10: Reduce Risk of Loss of Bone Mineral Density is addressed by a collaborative effort
with R.Wolfe on the cornerstone bedrest study: The effect of bed rest and amino acid
supplementation on bone markers of calcium metabolism. S. M. Smith, PL. NASA_ JSC. Smith's
hypothesis is that amino acid supplementation will reduce calcium excretion from bones via its
effects on skeletal muscle. '

The non risk-based goals are at various levels of development at this time. Goal 11: Monitoring
Methods for Assessment of Food Intake and Physical Activity is being handled well by NASA
but could be optimized with back up systems (for measuring exercise specifically). D. Hagan.
Leader for exercise/physical fitness at NASA/JSC. is a member of our team. and we will work
closely with him in the future to improve this monitoring system. Goal 12: Develop Noninvasive
Technologies for Assessing the Effectiveness of Diet and Physical Fitness Interventions is in its
infancy. One important aspect of the Lupton project is the use of microarray technology on
mRNA from fecal material to see which genes are turned on or off during particular diet
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interventions, which ones are affected by radiation exposure, and how these gene array patterns
predict for a variety of endpoints. This patented technique is well developed in the rat, and the
plan is to later apply it to humans. As noted previously, diet and physical fitness interventions
lend themselves very well to Earth-based applications (Goal 13). In particular, we envision a
protein supplement that will enhance amino acid uptake into muscle and muscle protein synthesis
as a result of the Wolfe bed rest study. This supplement will also be useful for individuals on
Earth who have muscle wasting due to a variety of causes. We also envision a supplement of
omega 3 fatty acids combined with pectin (a fermentable fiber) which may protect against both
oxidative and alkylation damage to colonic DNA. With colon cancer the second leading cause of
death from cancer in the US today. such a supplement could prove to be very beneficial.
Modifications to a treadmill and developing strategies for simultaneously enhancing leg muscle
strength along with aerobic capacity would also certainly be welcome for many people in the US
who need to get the maximum benefit from exercise in the minimum amount of time.

Goal 14: Integrate Research and Analysis has already been a major part of the Nutrition and
Physical Fitness Team. This goal includes efforts to enhance the interaction of individual
Nutrition and Physical Fitness Team investigators: a) among the current team’s infrastructure, b)
among investigators within other teams (eg. Muscle, Radiation Teams), and ¢) with investigators
not formally associated with the NSBRI. The activities will allow us to greatly expand the
resources of the NSBRI and the ability to tackle the risks of space travel. Table 10.2 summarizes
our current efforts at integration. In addition to strong collaborations within our team. a few
examples of integration of the Nutrition and Physical Fitness Team with other teams or
researchers outside of the NSBRI are as follows: Lupton is collaborating with Judex (Bone
Team) in supplying rat hind limbs from irradiated rats on different diets. The Wolfe bed rest
study is a true collaborative effort with the following investigators/projects: P. Uchakin. Mercer
University, testing the hypothesis that stress during inactivity alters the balance between cell-
mediated and humoral immunity; S. M. Smith, NASA, JSC. The effect of bed rest and amino
acid supplementation on bone markers of calcium metabolism: R.R. Fitts. Marquette University.
The effect of prolonged bed rest and amino acid supplementation on muscle fiber function: and
R. Stowe. UTMB. Effects of prolonged bedrest on herpesvirus-specific immunity. Similar
measurements to the Stowe bedrest study are also being performed on the Shuttle and ISS
crewmembers. and so the Stowe study would serve to complement in-flight work. Additional
collaborative projects with the Wolfe study include: T.P. Stein. UMD-NJ. Does bed rest +
hypercortisolemia lead to increased oxidative stress during the recovery phase?; H W Lane,
NASA. JSC. The effect of bed rest and amino acid supplementation on muscle energy production
during exercise. In addition to collaborative projects, several people who were not directly
funded with NSBRI grants have become an active part of our team. They include Helen Lane
and Scott Smith from NASA/JSC in the area of nutrition and Don Hagan. also NASA/JSC. in
physical fitness. These close ties to NASA enable the Nutrition and Physical Fitness Team to be
up to date on the most recent countermeasure approaches to addressing nutrition and physical
fitness related risks.

10.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Goal 1: Reduce Risk of Suboptimal Nutritional Status
Objective 1A. Assess Risk and/or Determine Level of Acceptable Risk
e Initiate a project that determines the metabolic basis of the anorexia of space flight if
funds become available from NSBRI/NASA.
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e Complete project to determine the combined effect of radiation and a colon
carcinogen on the development of colon cancer and the level of risk caused by each
type of DNA damage, individually and collectively (Lupton)

Obijective 1B. Determine Mechanisms

e Complete project to determine effect of microgravity on insulin secretion and muscle
metabolism (Tobin)

e Complete project to determine how and why specific diets protect against radiation
and carcinogen induced DNA damage (Lupton)

e Complete project to determine if an amino acid supplement enhances protein
synthesis during bed rest and cortisol infusion (Wolfe)

Objective 1C. Develop Countermeasures

e Complete project to develop diet intervention that ameliorates muscle wasting and
therefore helps to reduce risk of suboptimal nutritional status (Wolfe)

o Complete project to develop fiber/fat supplement that ameliorates DNA damage
(Lupton)

e Complete project that will develop the ideal ratio of amino acids to maximize insulin
secretion and myocyte uptake facilitated by insulin which can later be made into a

supplement (Tobin)

Goal 2: Reduce Risk of Suboptimal Physical Fitness
Objective 2A. Assess Risk and/or Determine Level of Acceptable Risk
Objective 2B. Determine Mechanisms
e Complete project to determine if treadmill exercise. properly configured. can also
benefit bone health and muscle strength (Schneider).
Objective 2C. Develop Countermeasures
e Complete project to determine the optimal duration and intensity of treadmill exercise
10 ameliorate loss of muscle strength and loss of acrobic capacity (Schneider).
e If funding for this team were increased. determine the optimal combination of aerobic
and resistance exercise. preferably in combination.
e If funding for this team were increased. integrate exercise with diet to determine the
best combination with respect to both type and amount of food and exercise. and
timing of one with respect to the other.

Goal 3: Reduce Risk of Diminution of Skeletal Muscle Function
Objective 3A. Assess Risk and/or Determine Level of Acceptable Risk
Objective 3B. Determine Mechanisms
e Complete project to determine effect of microgravity on insulin secretion and muscle
metabolism and myocyte response (Tobin)
Obijective 3C. Develop Countermeasures
e Complete project to develop diet intervention that promotes protein synthesis in
muscle and ameliorates muscle wasting (Wolfe)
e Complete project to develop optimal physical fitness protocols for space that will
serve to maintain skeletal muscle function (Schneider)
e Develop equations that can be used to predict for work capacity after periods of
training/detraining (Cabrero)
e Working with the Muscle Team. integrate the proposed countermeasures between
teams

Goal 4: Reduce Risk of Reduced Cardiovascular Capacily
Obijective 4A. Assess Risk and/or Determine Level of Acceptable Risk
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Objective 4B. Determine Mechanisms
Objective 4C. Develop Countermeasures
e Complete project to develop optimal physical fitness protocols for space (Schneider)

Goal 5: Reduce Risk of Radiation Enhanced Development of Cancer
Objective 5A. Assess Risk and/or Determine Level of Acceptable Risk
e Complete project to determine the additive or synergistic effect of radiation and a
colon specific carcinogen on tumor development (Lupton)
Objective SB. Determine Mechanisms
e Complete project to determine how radiation and carcinogen result in greater DNA
damage than either alone (Lupton).
e Complete project to determine how diet is protective against the development of
radiation-enhanced colon carcinogenesis (Lupton)
Objective 5C. Develop Countermeasures
e Complete project to develop diet intervention that protects against radiation-induced
cancers (Lupton)

Although the next three goals (6,7,8) represent important risks. which are amenable to diet and/or
exercise interventions, a stronger science base is required before we can effectively target
countermeasures to these risk areas. For that reason the Nutrition and Physical Fitness Team
does not have specific strategic activities in support of these goals at this time.

Goal 6: Reduce Risk of Decreased Cognitive Function '
Objective 6A. Assess Risk and/or Determine Level of Acceptable Risk
Objective 6B. Determine Mechanisms
e Initiate a project to determine how diet and/or exercise could potentially ameliorate
the risk of decreased cognitive function. This would be possible if funding became
available
Obijective 6C. Develop Countermeasures

Goal 7: Reduce Risk of Alterations in Sleep Patterns
Objective 7A. Assess Risk and/or Determine Level of Acceptable Risk
Objective 7B. Determine Mechanisms
e Initiate a project to determine how diet and/or exercise could potentially ameliorate
the risk of alterations in sleep patterns. This would be possible if funding became
available
Objective 7C. Develop Countermeasures

Goal 8: Reduce Risk of Poor Psychosocial Adaptation
Objective 8A. Assess Risk and/or Determine Level of Acceptable Risk
Objective 8B. Determine Mechanisms
e Initiate a project to determine how diet and/or exercise could potentially ameliorate
the risk of poor psychosocial adaptation. This would be possible if funding became
available
Objective 8C. Develop Countermeasures

Goal 9: Reduce Risk of Depressed Immune Function

Objective 9A. Assess Risk and/or Determine Level of Acceptable Risk
Objective 9B. Determine Mechanisms
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o Complete project to determine how bed rest and corticosteroids affect immune and
inflammatory reactions (Uchakin, collaboration with Wolfe).
e Complete project to determine if prolonged bedrest will result in increased
reactivation of latent herpesviruses (R. Stowe, collaboration with Wolfe).
Objective 9C. Develop Countermeasures

Goal 10: Reduce Risk of Loss of Bone Mineral Density
Objective 10A. Assess Risk and/or Determine Level Of Acceptable Risk
Objective 10B. Determine Mechanisms
Obijective 10C. Develop Countermeasures
e Complete project to develop optimal physical fitness protocols for space (Schneider)
e Complete project to determine if the amino acid supplement in the Wolfe bedrest
study also ameliorates loss of bone mineral density (S. M. Smith, collaboration with
Wolfe).

Goal 11: Develop Monitoring Methods for Assessment of Fi ood Intake and Physical Activity
e Work with NASA/JSC to optimize monitoring methods

Goal 12: Develop Noninvasive Techniques for Assessing the Effectiveness of Diet and Physical
Fitness Interventions
e Complete project to determine which changes in gene expression predict for later
tumor development (Lupton) in rats.
e Using these markers (noted above) optimize protocols for their applications to
humans.

Goal 13: Develop Earth-based Applications for Diet and Physical Fitness Interventions
Objective 13A. Develop a protein supplement that will enhance amino acid synthesis and can
be used in conditions of muscle wasting.
Obijective 13B. Develop an omega 3/fiber combination supplement that may be used to
protect against colon cancer.
Objective 13C. Develop appropriate modifications and exercise prescriptions for treadmill
exercise that may benefit individuals both acrobically and with respect to strength.

Goal 14: Integrate Research and Analysis
Objective 14A. Integrate Research Within the Nutrition and Physical Fitness Team.
e Continue current integration efforts among the Nutrition and Physical Fitness Team
investigators as summarized in Table 10.2.
Use Wolfe amino acid supplement in Tobin project and complete both projects
Complete collaborative project between Wolfe and Uchakin (part of Tobin project) to
determine the impact of amino acid supplement and bedrest on immune response.
e Use data from all projects within the team to become part of the mathematical
modeling project and complete modeling project (Cabrera)
Obijective 14B. Integrate Research With Other Teams. Using Modeling as well as Other
Approaches.
e Complete synergy project between Lupton (Nutrition) and Judex (Bone).
e Use of common diet and exercise protocols
Objective 14C. Integrate Research with Scientists Outside of NSBRI
e Complete integrative project between Wolfe bedrest study and S. M. Smith. NASA/
JSC. on the effect of amino acid supplementation on bone markers of calcium
metabolism.




e Complete collaborative project with R.R. Fitts, Marquette University, and the Wolfe
bedrest study on the effect of prolonged bed rest and amino acid supplementation on
muscle fiber function.

» Complete collaborative project with R Stowe, UTMB, and the Wolfe bedrest study on
the effects of prolonged bedrest on herpesvirus-specific immunity. These
measurements are also being performed on the Shuttle and ISS crewmembers and
would serve to complement in-flight work

e Complete collaborative project with the Wolfe study and T.P. Stein, UMD-NIJ, on
whether or not bed rest + hypercortisolemia leads to increased oxidative stress during
the recovery phase.

o Complete collaborative project with the Wolfe study and H W Lane, NASA, JSC, on
the effect of bed rest and amino acid supplementation on muscle energy production
during exercise

e Continue collaborative partnerships with H. W. Lane, S. M. Smith and D. Hagan at
NASA/ISC to seek out areas in which we can work together towards common goals.

10.6 SUMMARY

In the next 3-5 years, the Nutrition and Physical Fitness Team should be able to implement both
the fundamental and applied research programs that address the identified risks outlined in this
Research Plan. As discussed in the plan, the primary unifying goal at the onset is to develop
countermeasures to diminution of skeletal muscle function (Goal 3). Four of our five currently
funded projects are targeted to this goal. One of these projects will allow us to understand,
mechanistically, how bed rest and heightened cortisol levels affect muscle protein synthesis and
how an amino acid supplement can ameliorate the risks of muscle atrophy. From the second
project. we will understand at a basic level the amino acid requirements for efficient insulin
synthesis and secretion, and how insulin secretion can be optimized with an appropriate amino
acid supplement. Adding to our applied outcome knowledge base will be information from the
third project, which will delineate how often and what intensity treadmill exercise is required to
maintain leg muscle strength and aerobic capacity (also achieving Goal 4). Finally. our
mathematical modeling project will take data from the three projects mentioned above. plus other
NSBRI projects and research in the literature. and develop predictive equations to determine. in
advance. how an individual in space will perform (from a metabolic and fitness viewpoint) when
following a specific exercise regimen. The integration (Goal 14) of these four projects towards
this common goal is shown in Figure 10.1. This focus on muscle function will also serve to help
meet our first two goals, which involve optimizing nutritional status and physical fitness. Earth-
based benefits will be generated from the projects targeted to maintaining muscle mass and
strength (Goal 13). Such benefits include appropriate foods/supplements to enhance protein
synthesis in muscle wasting states and to optimize muscle strength using exercise protocols. The
timeline for accomplishing the tasks targeted to Goal 3 are shown in Table 10.3.

Another major accomplishment envisioned during this time frame is an understanding of the
mechanism by which radiation exposure and exposure to a carcinogen can interact to promote
colon cancer development (Goal 5). Further, the nutritional countermeasure to combat DNA
damage from radiation will be identified and established with sufficient substantial data to justify
a human clinical application.

In addition. one of the most significant accomplishments over the next five years will be the
combined findings of the seven ancillary projects that are using the Wolfe bed rest study as their

174



source of material. Figure 10.2 shows the synergistic nature and areas of research that will be
completed using the same subjects and intervention protocol of the Wolfe study. Not only will
these results provide important data independently, but also the fact that they all use the same
subjects and interventions will provide a rich database for comparisons between the outcome
variables. At the end of this study, we will know not only how and if an amino acid supplement
protects against depressed protein synthesis but also how this intervention affects immune
response, muscle fiber type, markers of bone health, oxidative stress and muscle energy
production.

The overarching aim of the NSBRI Nutrition and Physical Fitness program 1s to provide
diet/functional food/supplement countermeasures which optimize nutritional status and exercise
countermeasures which optimize physical fitness that, when combined, maximize the
effectiveness of each.

Figure 10.1. This figure illustrates the integration of four of the five currently funded projects
that are targeted towards the common goal of maintaining muscle mass and strength

o
National Space Biomedical Research Institute

Integration of 4 projects ~ 1he countermeasures
— An amino acid supplement

The problem should enhance protein
T . synthesis (Wolfe bedrest study)
— Muscular inactivity U protein
synthesis - An amino acid supplement
) should enhance insulin
- Stress (mediated by _ secretion and thus amino acid
moderate hypercortisolemia) uptake into muscle (Tobin.
11 protein breakdown insulin secretion)
— Loss of skeletal muscle mass - Appropriate treadmili exercise
= U muscle strength should help maintain leg

strength and aerobic capacity
(Schneider. treadmill)

- Mathematical modeling will
allow for prediction of the
effects of different exercise
protocols (Cabrera, modeling)

- (Compromises crew
capabilities. e.g
extravehicular activities,
emergency egress)



Figure 10.2. Synergy projects based on the Wolfe bed rest study

National Space Biomedical Research Institute

Supplemental collaborative objectives

«immune and inflammatory response
Pl: Peter Uchakin, Mercer University

«bone markers of calcium metabolism
PI: Scott M. Smith, NASA., JSC

«amino acid blood levels
Pl: Brian Tobin, Mercer
University

sgxidative stress
PI: T.P. Stein, UMD-
NJ

sherpesvirus-specific immunity
PI: Raymond Stowe, UTMB

*muscle energy production during exercise
PI: Helen W. Lane. NASA. ISC

«muscle fiber function
Pl- Robert R. Fitts. Marquette University

Wolfe bed rest study
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Table 10.1. Project Research Activities

Pl1/Project

Risk(s)
Addressed

National Space Biomedical Research Institute
NUTRITION, PHYSICAL FITNESS AND REHABILITATION PROGRAM

Countermeasure
Target

Experimental
System

Phase 1
Activities:
Focused
Mechanistic
Research

Phase 2 Activities:
Preliminary
Countermeasure
Development
Research

Phase 3 Activities:
Mature
Countermeasure
Development
Research

CABRERA/Metabolic
Adaptations of Skeletal Muscle to
Training/Detraining. A Systems
Model

Diminished
muscle function

Exercise

Computer
Simulations and
experimental data
on rats and humans

Integrate existing
knowledge into
computational models
of muscle metabolism

Predict effects of muscle
mass loss and changes
in fiber type distribution
on muscle metabolism

Predict effects of
detraining and/or
exercise training on
metabolism and work
capacity

LUPTON/Nutritional
Countermeasures to Radiation
Exposure

Radiation-induced
carcinogenesis

Diet/Nutrition

Rat

Test diets in rats
injected with a colon
specific carcinogen
with/without radiation
exposure to see which
diet is protective
against radiation and
methylation damage,
and how it protects

Predict effects of the
optimal diet at each
stage of the tumorigenic
process and optimize
noninvasive recovery of
mRNA from exfoliated
colon cells to predict
and monitor the
tumorigenic process

Develop and test
dietary supplements
that will decrease
oxidative and
methylation damage to
colonic DNA and
monitor their
effectiveness through a
noninvasive technique

SCHNEIDER/Treadmill
Exercise as a Countermeasure for
Microgravity Deconditioning

Reduced
cardiovascular
capacity

Loss of bone
Diminished
muscle function

Exercise

Human in flight
study

Test different treadmil!
exercise protocols for
maximal effectiveness in|
maintaining aerobic
capacity, muscle
strength, and bone mass

Evaluate effectiveness
of exercise intervention
protocols as related to
outcome measures such
as ability to do work

Integrate exercise
protocols with nutrition
protocols for maximum
effectiveness

TOBIN/Nutritional Modulation
of Pancreatic Endocrine Function
in Microgravity

Diminished muscle
function

DietNutrition

Cultured pancreatic
islet cells (HARV)

Determine nutrient
needs of human
pancreatic islet cells
under different
hormonal conditions
designed to mimic
microgravity and stress

Develop a nutrition
intervention to
ameliorate the depressed
insulin secretion from
human pancreatic islet
cells

Test the diet
intervention strategy in
a bed rest/cortisol
stressed research
program

WOLFE/Skeletal Muscle
Response to Bed Rest and
Cortisol Induced Stress

Diminished muscle
function

Diet/Nutrition

Human bed rest
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Determine if a glucose
/amino acid supplement
provided during bed
rest helps to ameliorate
depressed protein syn-
thesis, muscle wasting
& loss of muscle

strength

Optimize the
supplement and the
timing of the
supplement with respect
to exercise

Formulate the
supplement for timed
release, palatability,
etc.




Table 10.2. Inteqgration Activities

CABRERA

National Space Biomedical Research Institute
NUTRITION, PHYSICAL FITNESS AND REHABILITATION PROGRAM

LUPTON

SCHNEIDER

TOBIN

WOLFE

Internal
Communication

Entire team at meetings and
telecons

Entire team at meetings and
telecons

Entire team at meetings and
telecons

Entire team at meetings and
telecons

Entire team at meetings and
telecons. P. Uchakin from

Tobin project is now
situated in Wolfe lab.

Integrated
Experiment
Development

Integrate existing
knowledge into
computational models of
muscle metabolism using
data from nutrition and
physical fitness. the
literature, and the muscle
team

Uses the same strain of rat
and the same radiation
protocol at Brookhaven
National Lab as does the
Dicello rat long term
studies (Radiation Team).
Thus results can be
compared.

As aresult of team meeting
discussions, specific
outcome measures of
muscle strength will be
added that can be related to
outcomes from Wolfe
study. Diet intake will be
monitored.

Tobin has redesigned his
research protocol as a result of
talks with team members to now
include myocyte cultures and is
also using blood from Wolfe
study to determine levels of
amino acids to use in his cell
culture system. Uchakin, a Col
with Tobin, is now collabor-
ating directly with Wolfe

This bed rest study is
highly integrated with a
variety of projects. The
same amino acid
supplement is tested in the
Tobin project and we plan
to have it tested in the
Baldwin rat modef (Muscle
Team).

Sample Sharing

Data from Wolfe, Lupton,

Schneider. Baldwin

(muscle team) and others

from muscle team

Tobin will use pancreas
from Lupton rats. S. Judex
(bone team) will use rat
hindlimbs, H. Hogan.
TAMU, will also use
bones.

Data from the experiment
will be shared with Cabrera
for his prediction models

Will use pancreas from
Lupton. will provide pancreatic
cells to R Walzem, TAMU, for
lipid analysis

There are currently seven
“add on™ projects to the
bed rest study . See
discussion of Goal 14 in
this report.

Synergistic Studies
of Opportunity

Aerobic and resistance
exercise training with

humans, and applying this

to his model

Planned integration with A,
Kennedy of radiation team
for potential cross-use of
each other’s diet
interventions

Planning with Schneider
(who is doing bed rest
studies) to have a uniform
diet protocol

Future goal is to fly the HARV
with pancreatic cells in space
to determine how well the
results mimic his system on
earth

This study maximally
capitalizes on synergistic
opportunities which have
arisen in the course of
meetings and telecons to
expand the program with
“add on” grants.

Development of
Computer Model of
Integrated Human
Function

This is exactly what the

project is and should be an

integrating force for the

entire team.

Data from this project will
be used by Cabrera for his
prediction equations.

Data from this project will
be used by Cabrera for his
prediction equations
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Currently this research is all ex
vivo and not suitable for the
integrated function component
which we are only doing in
animals and humans

Data from this project will
be used by Cabrera for his
prediction equations




National Space Biomedical Research Institute
NUTRITION AND PHYSICAL FITNESS

Table 10.3.Achieving Goal 3: Reduce Risk of Diminution of Skeletal Muscle Function

Countermeasure Development Phases

Pre
2001

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

e Understand muscle protein synthesis under bed rest/cortisol enhanced conditions
e Determine the amino acid requirements for muscle protein synthesis

e Determine the amino acid requirements for insulin secretion under various stress
enhanced conditions (/n virro HARV)
o Determine the proper ratio of amino acids to enhance uptake into myocytes

Phase 2: Preliminary Countermeasure Development Research

o Test amino acid supplementation and how this may promote muscle protein synthesis
in humans

e Study role of amino acid supplements as countermeasure strategy (combining raults
from Wolfe and Tobin)

o Develop predictive equations for estimating work performance as a result of different
exercise paradigms

Phase 3: Mature Countermeasure Development Research

e Test different protocols to optimize muscle strength and aerobic capacity in space
(Schneider)
o Develop integrated exercise and nutritional countermeasure and test in humans

Phase 4: Countermeasure Evaluation & Validation

o Testing of integrated exercise and nutritional inerventions inflight
e Test ability of theoretical predictive equations to actually predict for work
performance in humans, in space

Phase 5: Operational Implementation of Countermeasure Strategy
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11.0 Radiation Effects

Team Leader: John F. Dicello, Ph.D.
Professor of Oncology
The Sidney Kimmel Comprehensive Cancer Center
Johns Hopkins University
Harry and Jeanette Weinberg Bldg., Rm. 1454
401 North Broadway
Baltimore, Maryland 21231-2410
410-614-4194
410-502-1419 FAX
diceljo@jhmi.edu

11.1 INTRODUCTION

The risks to human health inherent in space exploration are enumerated in the NASA
Critical Path Roadmap. which lists radiation as one of the four Severe Type I Risks. the
most critical type. It follows that the principal aims of the NSBRI Radiation Program are
to improve the predictions of risks to human health from space radiations and to provide
effective countermeasures that will significantly reduce these risks. The radiation risk
areas. in terms of long-term missions, both low-Earth orbit or extra planetary, and their
relation to the overall space program are shown in the following figure adapted from
NASA s Critical Path Roadmap. As shown, generally. radiation is one of several initiating
events of a multistep process that can take years or decades before a clinically relevant
consequence manifests itself. The overarching concern is to minimize the radiation
exposure to as low as reasonably possible. Because the outcome of exposure is dependent
upon multiple initiating agents. as well as. factors in the promotion and progression stages
of the discases. there are multiple risk factors that can alter the outcome. The major
consequences are shown graphically in Figure 11.1 and are delineated in the next section.

11.2 RISKS

The following risks in the Radiation Effects Discipline Area of the Critical Path Roadmap
have been identified (risk number in parentheses):

o Carcinogenesis Caused by Radiation (38)

« Damage to Central Nervous System from Radiation Exposure (39)

« Synergistic Effects from Exposure to Radiation. Microgravity and other Spacecraft

Environmental Factors (40)
o+ Early or Acute Effects from Radiation Exposure 41)
» Radiation Effects on Fertility, Sterility. and Heredity (42)
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Non Risk-Based Goals

Goal 6: Develop methods for assessing level of health risk, prevention of diseases, &
appropriate medical care

Goal 7: Develop Earth-based applications
Goal 8: Integrate research and analysis

Although all of these goals are part of the Radiation Team and/or NASA’s long-term
goals, not all are being addressed at this time, as shown in Table 11.3. As part of NASA's
mission, it is appropriate, however, that they be enumerated 1n the design plan to define
future directions and areas of new emphasis.

11.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The underlying philosophy of the program’s approach is modeled after that proposed in
the NASA report on Modeling Human Risk (1997): experimentally determined risks for
carcinogenesis and CNS damage in appropriate animal models with corresponding in vitro
measurements can be used to validate theoretical relations between animal results and
human response. These theoretical relations, then. can be used to extrapolate known
responses of humans to acute exposures of low-LET radiations to expected responses to
protracted exposures to protons and HZE particles. When such relations have been
established. then this same process and these same animal and cell models can be used to
determine the potential of pharmaceutical agents. including both chemopreventive drugs
and dietary supplements. for reducing risks. This concept is illustrated schematically in
the following figure (Fig. 11.2) which is a revision of that proposed in the NASA report on
modeling human risk (1997).

Figure 11.2. Philosophy of radiation effects program.
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Description of Current Projects and Progress Towards Risk-Based Goals

Currently, the Radiation Effects Team has six principal projects. In Table 11.1, these
projects are summarized, including those risks that are currently being addressed. the
experimental system, the countermeasure target, and whether a project is part of the
strategic steps of Phase 1, 2 or 3 Activities. A brief description follows of each project
and the countermeasures being studied:

PROJECT I: In vivo Studies of Mammary Carcinomas
John F. Dicello, PhD, Johns Hopkins University

Critical Path Risk(s): Carcinogenesis caused by radiation (38:1, 3. 5,6,7.(8),9,
10, 11), Addresses Goal 1, Countermeasure Readiness Level: 4

Specific Aim: Determine risk of carcinogenesis in a relevant animal model and
supply exposed animals for chemopreventive studies.

Countermeasure: Chemoprevention of cancers by use of pharmaceuticals
administered after high-level exposure to radiations. Improved risk factors can be
used to optimize spacecraft design for optimal shielding

PROJECT II: Chemoprevention and Radiation-Induced Neoplasms
David L. Huso, DVM, PhD. Johns Hopkins University

Critical Path Risk(s): Carcinogenesis caused by radiation (38:1. 3. 5. 6. 7. (8). 9,
10. 11). Addresses Goal 1. Countermeasure Readiness Level: 5

Specific Aims: Studies of the pathology of cancer induced by HZE particles and
pharmaceutical intervention.

Countermeasure: Tamoxifen as a model for pharmaceutical intervention in the
promotion and progression stages of carcinogenesis to reduce risk after exposure

PROJECT I1I: Countermeasures for Space Radiation Biological Effects
Ann R. Kennedy, PhD, University of Pennsylvania

Critical Path Risk(s): Carcinogenesis caused by radiation (38:1. 3. 9. 10). Early or
acute effects from radiation exposure (41:1,3.5.10.11). Addresses Goals 1 and 4.
Countermeasure Readiness Level: 4

Specific Aims:

(1) Determine the ability of various dietary supplements to reduce radiation-induced
oxidative stress in cultured cells

(2) For the combinations of agents demonstrating efficacy as antioxidants in vitro.
determine the ability of these agents to decrease radiation induced oxidative stress in
Sprague Dawley rats. :

Countermeasure: Dietary supplements prior to and after exposure to radiation to
reduce the cancer incidence.



PROJECT IV: Risk Assessment and Chemoprevention of HZE Induced CNS
Damage
Marcelo E. Vazquez, MD, PhD, Brookhaven National Laboratory

Critical Path Risk(s): Damage to CNS system from radiation exposure (39:1. 3, 7,
10, 11). Early or acute effects from radiation exposure (41:1. 3, 5, 10. 11), Addresses
Goals 2 and 4, Countermeasure Readiness Level: 3-4

Specific Aims:

(1) Examine cell death in cycling and non-cycling neural cells

(2) To characterize the putative cell signaling cascades induced by high-LET
radiation in the apoptotic pathways (ceramide- and p53-dependent).
Countermeasure: Modulate signaling pathways by pharmacological manipulation
(trophic factors, free-radical scavengers, p53 modulators)

PROJECT V: CNS Damage and Countermeasures (In vive Studies)
Marcelo E. Vazquez, MD, PhD, Brookhaven National Laboratory

Critical Path Risk(s): Damage to CNS system from radiation exposure (39:1. 3. 7.
10. 11), Early or acute effects from radiation exposure (41:1, 3. 5. 10, 11), Addresses
Goals 2 and 4, Countermeasure Readiness Level: 3-4

Specific Aims:

(1) Characterize the behavioral, neurochemical and structural changes induced by
heavy ions and protons.

Countermeasure: To protect neural cell populations in vivo using pharmaceuticals,
such as neuroprotectants (gangliosides). antioxidants (melatonin) and signal
pathways modulators (p53 modulators)

PROJECT VI: Charged Particle Radiation-Induced Genetic Damage in Transgenic
Mice
Polly Yee Chang, PhD, SR/ Internationul

Critical Path Risk(s): Carcinogenesis caused by radiation (38). Damage to central
nervous system from radiation exposure (39). Early or acute effects from radiation
exposure (41: (3), 5, 10). Addresses Goals 1. 2. and 4, Countermeasure Readiness
Level: 2

Specific Aims:

(1) Examine both the dose and temporal-dependence of particle radiation-induced
mutation in vivo using the LacZ transgenic mice model system. In particular, acute
and long-term tissue specific mutagenic responses of CNS and rapidly renewing
organ systems will be determined afier exposure to protons and HZE particles.

(2) Examine the impact of genetic backgrounds, e.g. p53 on radiation sensitivity
using the p53/lac Z double transgenics.

Potential Countermeasures: Determine if known radioprotective pharmaceuticals
(e.g. tamoxifen, anti-oxidants) or cytokines ( e.g.. interleukins) reduce tissue-specific
mutation frequencies or genetic damage in vivo. Such alterations in the genome may
be precursors of cancer.
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A summary diagram, Figure 11.3, describes the current program.

Figure 11.3 Current radiation effects program.
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The major themes of this program are the understanding of risks and the development of
effective countermeasures for the radiation-induced biological effects identified to be of
major concern: radiation-induced cancer and CNS damage. It is also possible that because
of the complexity of the space environment. unanticipated effects may occur in organ
systems other than the CNS. Thus the major aims will cover five categories:
1. Develop countermeasures for mitigating effects of radiation exposure.
2. Develop markers for determining risks and monitoring the efficacy of
countermeasures.
Determine carcinogenic and CNS effects for space radiation.
4. Determine acute and long-term pathological responses of rapidly renewing organ
systems at risk.
5 Characterize differences in cell and molecular mechanisms for pathological effects
for high- versus low-LET radiation in defined model systems.

(OS]
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Progress Towards Non Risk-Based Goals

Figure 11.1 refers to Goal 6, Develop methods for assessing level of health risk,
prevention of diseases, & appropriate medical care. At present, this goal is not being
explicitly expressed; however, progress towards this goal has been made. We have
determined for the first time the risks of carcinogenesis in tissues relevant to humans from
protons and HZE particles. ~We have further shown that relatively non-toxic
pharmaceuticals can be used to reduce those risks in animal models in the promotion and
progression stages after radiation. In order to extrapolate these risks to humans. we have
to examine the interspecies variation in carcinogenesis as a function of particle type. As
mentioned previously, it is imperative that the radiation studies of this program be
mechanistically based in order to be able to extrapolate results to human models.
Developing such appropriate theoretical, human models, that we presently do not have and
that are not currently funded as part of this program. should be a major future goal (see
elaboration under Goal 8, “integration using modeling™). Input for such models requires
not only carcinogenesis studies but also the appropriate genetic. epigenetic, and
cytogenetic data to define the mechanisms leading to carcinogenesis. The present results
suggest that we could begin formulating ground-based and space-based clinical studies. In
this respect we are already looking for less toxic combinations of pharmaceuticals and/or
dietary supplements.

Several activities support the early development of Earth-based applications (Goal 7). We
currently have an NIH grant (Joseph Lombardo. P.I.) at Johns ‘Hopkins for medical
telecommunications that resulted from the NSBRI collaborations. Another NIH program
grant (Jerry Williams. P.I) at JHU to develop novel treatment protocols in radiation
therapy is a spin-off from a previous project of our team headed by Dr. Jerry Williams.

Table 11.2 at the end of this document illustrates in tabular form activities that are ongoing
in achieving the Team's integration goal. Goal 8. A brief summary of these activities in
provided here as well. To aid team integration. the Team holds weekly meetings at Johns
Hopkins University School of Medicine and monthly teleconferences integrating
experimental development. In terms of overall strategy. four of the team projects
described are collaborating on investigating carcinogenesis (3) and CNS damage (1) in
vivo. and three projects are addressing corresponding cellular effects. Collaborations
among team members involve a great deal of integrated experiment development. The
team as a group. under the direction of Drs. John Dicello and Marcelo Vazquez. is one of
the strongest participants at the NASA biomedical facility of AGS acceleration at
Brookhaven National Laboratory (BNL). This participation requires a series of proposals
not only to NSBRI but also to each of the home institutions and to BNL for separate
reviews and the necessary but not always automatic approval. Similarly. animal research
and research involving human cells requires proposals to scparate Institutional Review
Boards at the home institutions and at the BNL. again requiring approval. The Team also
does extensive sample sharing. For instance. Dr. Dicello provides animals and animal
tissues for Dr. David Huso's tamoxifen studies. He is also irradiating animals for Dr. Jerry
Williams' earlier cytogenetic studies.

We also have been collaborating with rescarchers on other NSBRI teams. where team
goals overlap. There is a strong need for synergistic collaborations within and with other
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teams, some of which may address achievement of Goal 3. Preliminary experiments to
show feasibility have been carried out by Dr. Dicello’s group looking at 1) synergies
between different types of radiations; 2) synergies arising between radiation and the
immune system (with Immunology Team); and 3) synergistic interactions between
radiation and bone (with Bone Team). In all cases significant synergistic effects have been
observed, although uncertainties associated with the data have been large. However,
currently, no additional funding has been available either for feasibility studies or for
further research. We have also been collaborating with the team leader for the Education
and Outreach since its inception. The Radiation program has included numerous
undergraduate, graduate and postdoctoral students and has attracted additional external
funding from NASA and the Johns Hopkins University Bloomberg School of Public
Health among other sources, as well as, travel grants for the students to scientific
meetings.

As a means of integrating their research with the scientific community beyond the NSBRI, Dr.
Dicello’s group has also had a long collaboration preceding the establishment of the NSBRI
with scientists at the Johnson Space Center and Headquarters that has resulted in a continuous
productivity of peer-reviewed publications and invited talks. Dr. Francis Cucinotta, JSC,
spent his sabbatical leave at Johns Hopkins working with Dr. Dicello. Currently, there is no
support within or outside of NSBRI for integration and analyses since it was eliminated as a
line item from the NSBRI awards. A theoretically-based research approach is the only
practical method by which the cell and animal data can be extrapolated to humans (except for
identical responses), so it is an indispensable part of the strategic plan for the Radiation
Program and should be supported.

Dr. Dicello’s project was also successful in generating new and unique theoretical models to
describe genetic and cytogenetic pathways and in vivo carcinogenesis, which contributes to
the development of a computer model of integrated human function. Future strategic activities
associated with this modeling project and a timeline for these activities are provided in Table
11.3H. Funding for this extensive modeling project is still needed.

Gaps and Weaknesses of the Program
Remaining gaps and weaknesses in the Radiation Effects Team plan have been identified:

1. In vivo data for synergistic effects of mixed fields.

2. Animal studies for protracted exposures.

3. A need for a more comprehensive analysis of human responses to low-dose,
protracted exposures.

4. Improved methods for extrapolating animal data to humans too imprecise.

5. Inadequate research on early or acute consequences from radiation exposures (Goal

4).
6. No present research on effects on fertility. sterility. or heredity (Goal 5).

11.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Presented here are the objectives underlying each goal and the strategic activities that we
plan to use to achieve the goals and objectives of our program. The timelines for
achievement of the activities underlying each goal are presented in Table 11.3.
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Goal 1: Reduce risk of carcinogenesis caused by radiation
Obijective 1A: Assess risk and target level of acceptable risk
e In vivo measurements of carcinogenesis
Obijective 1B: Determine mechanisms
e Cellular and Subcellular endpoints as surrogate biomarkers leading to
carcinogenesis
Objective 1C: Develop countermeasures
e In vitro testing followed by in vivo studies of pharmaceuticals and dietary
supplements

Goal 2: Reduce risk of damage to central nervous system from radiation exposure
Objective 2A: Assess risk and target level of acceptable risk

e In vivo measurements of CNS damage
Objective 2B: Determine mechanisms

e Cellular and Subcellular endpoints as surrogate biomarkers leading to CNS damage
Objective 2C: Develop countermeasures

e In vitro testing followed by in vivo studies of pharmaceuticals and dietary

supplements

Goal 3: Reduce risk of synergistic effects from exposure lo radiation, microgravity and
other spacecraft environmental factors
Objective 3A: Assess risk and target level of acceptable risk
e In vivo measurements of combined hazards
Obijective 3B: Determine mechanisms )
e Cellular and Subcellular endpoints for combined hazards in comparison with
responses to individual hazards
Objective 3C: Develop countermeasures
e Exercise, dietary supplements. and pharmaceutical intervention

Goal 4: Reduce risk of early or acute effects from radiation exposure
Objective 4A: Assess risk and target level of acceptable risk
e Observe acute responses for in vivo measurements of combined hazards
Objective 4B: Determine mechanisms
e Theoretical modeling compared with measurements
Obijective 4C:Develop countermeasures
e Minimize dose with shielding and spacecraft design and choice of travel interval

Goal 5: Reduce risk of radiation effects on fertility, sterility. and heredity
Objective SA: Assess risk and target level of acceptable risk
e Use existing epidemiological data for photon exposures
Objective 5B: Determine mechanisms
o Theoretical modeling of existing data base
Objective SC: Develop countermeasures
e Minimize doses through spacecraft design and choice of travel interval
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Goal 6: Develop methods for assessment of level of health risk, prevention of diseases,
and appropriate medical care

Objective 6A: Develop markers for determining risks and monitoring the efficacy of
countermeasures from previous experiment.

Goal 7: Develop Earth-based applications
Objective 7A: Translational research to move new discoveries into medical and industrial
arena with the Industrial Forum.

Goal 8: Integrate experimental research with theoretical analysis to be used to
extrapolate data to risk and countermeasures in humans.
Objective 8A: Integrate research within the radiation effects team
o All team projects focused on a major programmatic goal
e Samples and experimental design shared
Objective 8B: Integrate research with other teams, using modeling as well as other
approaches.
e Foster collaborations with Bone and Immunology Teams
e Obtain funding for theoretical modeling
Objective 8C: Integrate research with scientists within NASA and outside of NSBRI
e Foster collaborations at JSC

1.6 SUMMARY

The risks to human health inherent in space exploration are enumerated in the NASA
Critical Path Roadmap. which lists radiation as one of the four Severe Type | Risks. the
most critical type. Most recently, radiation is being categorized as the most serious of these
hazards in space. It follows that the principal aims of the NSBRI Radiation Program are to
improve the predictions of risks to human health from space radiations and to provide
effective countermeasures that will significantly reduce these risks. The major radiation
risk area in terms of long-term missions. both low-Earth orbit or extra planetary. 1S
carcinogenesis. Damage to the central nervous system and synergisms of different types of
radiation or synergisms of radiation with other hazards including bone loss and reduced
immunological response are all areas of concern as well. The current Radiation Effects
Team projects are making significant progress towards assessing these risks and potential
pharmacological, nutritional, and shielding countermeasures.

The underlying philosophy of the program’s approach to experimentally determine risks
for carcinogenesis and CNS damage in appropriate animal models with corresponding in
vitro measurements can be used to validate theoretical relations between animal results
and human response. These theoretical relations. then. can be used to extrapolate known
responses of humans to acute exposures of low-LET radiations to expected responses to
protracted exposures to protons and HZE particles. When such relations have been
established. then this same process and these same animal and cell models can be used to
determine the effectiveness of potential countermeasures. such as pharmaceutical agents.
including both chemopreventive drugs and dietary supplements. for reducing risks.
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Table 11.1. Project Research Activities

Pl/Project

Risk(s)
Addressed

National Space Biomedical Research Institute
RADIATION EFFECTS PROGRAM

Countermeasure
Target

Experimental
System

Phase 1
Activities:
Focused
Mechanistic
Research

Phase 2 Activities:
Preliminary
Countermeasure
Development
Research

Phase 3 Activities:
Mature
Countermeasure
Development
Research

CHANG!Charged Particle
Radiation-induced Genetic
Damage in Transgenic Mice

sCarcinogenesis
caused by radiation
eDamage to CNS
from radiation
exposure

sEarly or acute
effects from
radiation exposure

ePharmaceuticals
(e.g. tamoxifen, anti-
oxidants)
oCytokines ( e.g..
interleukins)

Transgenic mice

eExamine both the
dose and temporal-
dependence of particle
radiation-induced
mutation in vivo using
the LacZ transgenic
mice model system
eExamine the impact
of genetic

backgrounds, e.g., p53,

on radiation sensitivity
using the p53/LacZ
double transgenics

Determine if known
radioprotective
pharmaceuticals (e.g.
tamoxifen, anti-
oxidants) or cytokines (
e.g., interleukins) reduce
tissue-specific mutation
frequencies or genetic
damage in vivo. Such
alterations in the
genome may be
precursors of cancer.
Examine potential drugs
in vitro.

Examine potential
potential drugs in vivo

DICELLO/In vivo Studies of
Mammary Carcinomas

Carcinogenesis
caused by radiation

oChemoprevention
of cancers by use of
pharmaceuticals
administered after
exposure to
radiations.
oShielding

Sprague Dawley
rats

Determine risk of
carcinogenesis in a
relevant animal model
and supply exposed
animals for
chemopreventive
studies

eObtain improved risk
factors which can be
used to optimize
spacecraft design for
optimal shielding and to
select clinical trials
eChemoprevention of
cancers by use of
pharmaceuticals
administered after
exposure to radiations.

Clinical trials and flight
experiments

HUSO/Chemoprevention and
Radiation-Induced Neoplasms

Carcinogenesis
caused by radiation

Pharmaceuticals
(Tamoxifen)

Sprague Dawley
rats

Studies of the
pathology of cancer
induced by HZE
particles and use of
Tamoxifen as a model
for pharmaceutical

Obtain improved risk
factors to select
appropriate clinical
trials

Clinical trials and flight
experiments




intervention in the
promotion and
progression stages of
carcinogenesis to
reduce risk after
exposure

KENNEDY/Countermeasures for

Space Radiation Biological
Effects

sCarcinogenesis
caused by radiation
eEarly or acute
eftects from
radiation exposure

Dietary supplements

oCultured cells
eSprague Dawley
rats

Determine the ability
of various dietary
supplements to reduce
radiation-induced
oxidative stress in
cultured cells

eDietary supplements
prior to and after
exposure to radiation to
reduce cancer incidence
oFor the combinations
of agents demonstrating
efficacy as antioxidants
in vitro, determine the
ability of these agents to
decrease radiation-
induced oxidative stress
in Sprague Dawley rats

Clinical trials and flight
experiments

VAZQUEZ/Risk Assessment and
Chemoprevention of HZE
Induced CNS Damage

eDamage to CNS
from radiation
exposure

sEarly or acute
effects from
radiation exposure

Pharmacological
manipulation

Cells obtained from
rats

eExamine cell death in
cycling and non-
cycling neural cells
sCharacterize the
putative cell signaling
cascades induced by
high LET radiation in
the apoptotic pathways
(ceramide- and p-53
dependent)

Modulate signaling
pathways by
pharmacological
manipulation; test use of
trophic factors, free-
radical scavengers, p53
modulators in
modulating signaling
pathways

Bases for in vivo
experiments

VAZQUEZ/CNS Damage and
Countermeasures (/17 vivo
Studies)

eDamage to CNS
from radiation
exposure

sEarly or acute
effects from
radiation exposure

Pharmacological
agents

C57 black mice
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Characterize the
behavioral,
neurochemical, and
structural changes
induced by heavy ions
and protons

Test protective efficacy
of pharmaceuticals such
as neuroprotectants
(gangliosides),
antioxidants
(melatonin), and signal
pathways modulators
(p53 modulators) on
neural cell populations

Clinical trials and flight
experiments




National Space Biomedical Research Institute
RADIATION EFFECTS PROGRAM

Table 11.2. Integration Activities — See discussion under section 11.4, Goal 8

Activities common to all projects unless specified

Internal
Communication

Weekly NSBRI staff meetings

Monthly teleconference of
principal investigators

Scheduled NSBRI meetings of
investigators at national and
international meetings.

Integrated
Experiment
Development

Monthly NSBRI luncheon
meeting

Collaborations between Pls in
Radiation with Technology
Team on two projects

Members of several NASA,
NCRP, and NAS/NRC
committees

Sample Sharing

Sprague-Dawley rats shared with
Tamoxifen project
(Huso and Dicello)

Tissue samples shared between
Carcinogenesis project and
Tamoxifen project

Animals irradiated at Loma
Linda used for Gridley's
immunology study (Dicello)

Carcinogenesis and Tamoxifen
projects agreed to provide
animals and tissues for several
proposals submitted to NSBRI
and NASA

Synergistic
Studies of
Opportunity

Dicello funded immunological
studies at Loma Linda University
(Daila Gridley)

Dr. Dicello is collaborating with
Dr. Jay Shapiro on the combined
effects of radiation and
microgravity on bone loss.

Sequential studies at BNL
(HZEs) and LLUMC (protons)

Development of
Computer
Model of
Integrated
Human
Function

Dicello and. previously, F.
Cucinotta at JSC had been

carrving out theoretical studies.
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National Space Biomedical Research Institute
RADIATION EFFECTS

Table 11.3a. Achieving Goal 1: Reduce Risk of Carcinogenesis Caused by Radiation (38)

Pre |2001 | 2002 | 2003 | 20042005 {2006 | 2007 | 2008 2009|2010 20112012

Countermeasure Development Phases 2001

Phase 0: Observational & Phenomenological Research

Five of the seven principal investigators had extensive research experience with regard to the
carcinogenic effects from radiation. The sixth was a senior biologist working on DNA damage,
a major pathway to cancer from radiation, and the seventh is an animal pathobgist and
veterinarian, a unique resource for these studies

Phase 1: Focused Mechanistic Research

e Preliminary data and proposal to measure risk of carcinogenesis in a relevant animal
model and tissue for protons and HZEs

e Preliminary data and proposal for chemopreventive drugs in promotion/progression
stage of cancer

e Preliminary data and proposal for dietary supplements to reduce risk of cancer

e Preliminary data and proposal to study cytogenetic aberrations to understand the

to determine chemical pathways that will reduce risk..

e  Preliminary data and proposal to study DNA damage to understandthe process leading

process leading to cancer at low doses, to determine biomarkers of risk for cancer, and \ ;
to cancer at low doses and to determine biomarkers of risk for cancer. |

e Preliminary data and proposal to study a transgenic mouse to characterize mutation ‘
changes in different tissue types. ;

Phase 2: Preliminary Countermeasure Development Research

o Initial studies to measure risk of carcinogenesis in a relevant animal model and tissue
for protons and HZEs for pharmaceutical studies and spacecraft design

¢ Initial studies of chemopreventive drugs in promotion/progression stage of cancer

e Initial studies of dietary supplements to reduce risk of cancer

o [Initial studies of cytogenetic aberrations to understand the process leading to cancer at
low doses, to determine biomarkers of risk for cancer, and to determine chemical
pathways that will reduce risk..

e Initial studies of DNA damage to understand the process leading to cancer at low doses
and to determine biomarkers of risk for cancer.

e Initial studies of a transgenic mouse to characterize mutation changes in different tissue
types leading to drug studies
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Phase 3

: Mature Countermeasure Development Research

Determine risk of carcinogenesis in a relevant animalmodel and tissue for protons and
HZEs

Determine efticacy of a chemopreventive drug in promotion/progression stage of cancet

Determine specific dietary supplements to reduce risk of cancer

Determine cytogenetic abemrations to understand the process leading to cancer at low
doses. to determine biomarkers of risk for cancer, and to determine chemical pathways
that will reduce risk.

Initial studies of DNA damage to understand the process leading to cancerat low doses
and to determine biomarkers of risk for cancer.

Determine mutations in different tissues in a transgenic mouse leading to
carcinogenesis.

Develop pharmacological countermeasure and test with human subjects

Determine whether there are synergistic or antagonistic interactions between radiation
and other major risks such as bon¢ loss or reduced immunology.

Phase 4: Countermeasure Evaluation & Validation

Testing in space environment

Phase 5

: Operational Implementation of Countermeasure Strategy




National Space Biomedical Research Institute
RADIATION EFFECTS

Table 11.3b. Achieving Goal 2: Reduce Risk of Damage to Central Nervous System from Radiation Exposure (39)

Countermeasure Development Phases

Pre | 2001
2001

2002

2003

2004 |2005,20062007|2008

20092010

20112012

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

e Preliminary data and proposal to measure effects of radiation on CNS
cells in vitro for protons and HZEs

o Preliminary data and proposal to measure effects of radiation on CNSin
vivo for protons and HZEs

Phase 2: Preliminary Countermeasure Development Research

e Initial studies to measure effects of radiation on CNS cells it vitro for
protons and HZEs leading to drug studies in-vitro

e Initial studies to measure effects of radiation on CNS i vivo for protons
and HZEs leadinﬁ 10 in-vivo drug studies
—

Phase 3: Mature Countermeasure Development Research

e Develop integrated exercise, nutritional, and pharmacological
countermeasure and test in humans

e Determine whether artificial gravity.in conjunction with the exercise.
nutritional, and pharmacological countermeasure above, further reduces
muscle atrophy in humans

Phase 4: Countermeasure Evaluation & Validation

e Testing in a space environment

Phase 5: Operational Implementation of Countermeasure
Strategy
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National Space Biomedical Research Institute
RADIATION EFFECTS

Table 11.3¢. Achieving Goal 3: Reduce Risk of Synergistic Effects from Exposure to Radiations, Microgravity, and Other

. Sgacecraft Environmental Factors ‘40]

Countermeasure Development Phases

Pre | 2001|2002 2003 | 2004 | 2005|2006 | 2007 {2008 | 2009 | 2010 | 2011 | 2012
2001

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

o Experimental observation of antagonistic effects of protons and iron ions »‘
for carcinogenesis i vivo l |

e Demonstrated dietary restriction reduced cancer and extended life of our
rats

¢ Experimental observation of abscopal effects in vivo

o Experimental observation of apparent adaptive response in vitro and in
vivo

e Funded preliminary study of potential synergistic effects of radiation and
immunol%y..

Phase 2: Preliminary Countermeasure Development Research

o Effect of dietary supplements on oxidative stress

e Proposal submitted to NASA for Bone/Radiation collaboration

o Studies initiated in Nutrition and Immunology Teams. Based upon initial
data obtained by Dicello’s project.

Phase 3: Mature Countermeasure Development Research

¢ Clinical trial of dietary supplements

e Determine whether microgravity affects chemoeffectiveness of drugs or
dietary supplements.

Phase 4: Countermeasure Evaluation & Validation

e Testing of drugs in Space I |

Phase 5: Operational Implementation of Countermeasure
Strategy
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National Space Biomedical Research Institute
RADIATION EFFECTS

Table 11.3d. Achieving Goal 4: Reduce Risk of Early or Acute Effects from Radiation Exposure (41

Countermeasure Development Phases Pre {2001]2002[2003 {2004 |2005]20062007|20082009{2010|2011{2012

Phase 0: Observational & Phenomenological Research

These effects are considered Type I, rank 4 risks in NASA’s Strategic Plan and are not
being explicitly examined at the present time with resources available. Our research on
carcinogenesis and CNS damage, however, will provide some data to further assess
eroblems in these three areas.

Phase 1: Focused Mechanistic Research

Phase 2: Preliminary Countermeasure Development Research

Phase 3: Mature Countermeasure Development Research

Phase 4: Countermeasure Evaluation & Validation

Phase 5: Operational Implementation of Countermeasure Strategy
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National Space Biomedical Research Institute
RADIATION EFFECTS

Countermeasure Development Phases

Table 11.3e. Achievigg Goal 5: Reduce Risk of Radiation Effects on Fertili
M *

Sterility, and Heredity (42

Pre [2001(2002(2003|2004 (2005|2006 (200720082009

2001

2010[2011 (2012

Phase 0: Observational & Phenomenological Research

These effects are considered Type 1 risks in NASA’s Strategic Plan and are
not being explicitly examined at the present time with resources available.
Our research on genetics and biomarkers, however, will provide some data to
further assess problems in these three areas.

Phase 1: Focused Mechanistic Research

Phase 2: Preliminary Countermeasure Development Research

Phase 3: Mature Countermeasure Development Research

Phase 4: Countermeasure Evaluation & Validation

Phase 5: Operational Implementation of Countermeasure
Strategy
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RADIATION EFFECTS

Table 11.3f. Achieving Goal 6: Methods for Assessing Level of Health Risk, Prevention of Diseases, & Appropriate
Medical Care

Countermeasure Development Phases Pre | 2001 {2002 |2003|2004 | 2005|2006 | 2007|2008 2009 2010(2011{2012
2001
Phase 0: Observational & Phenomenological Research ‘

This strategy being pursued presently to achieve this goal is to reduce the level
of radiation exposure, to determine and measure appropriate biomarkers, and
to find drugs, diet, and environmental factors that can be used to reduce risk.

Phase 1: Focused Mechanistic Research

e Propose chemopreventive drugs in promotion/progression stage of cancer

e Propose chemopreventive dietary supplements to reduce risk of cancer ‘

e Propose chemopreventive drugs to reduce risk of CNS damage

Phase 2: Preliminary Countermeasure Development Research

e Begin in vivo studies of Tamoxifen as a chemopreventive drug in the
promotion/progression stages.

e Propose chemopreventive dietary supplements to reduce risk of cancer

e Propose chemopreventive drugs to reduce risk of CNS damage

Phase 3: Mature Countermeasure Development Research

o Invivo studies of Tamoxifen as a chemopreventive drug in the
promotion/progression stages.

o Cell/animal studies of dietary supplements to reduce risk of
cancer

e Cell‘animal chemopreventive drugs to reduce risk of CNS damage

Phase 4: Countermeasure Evaluation & Validation

Phase 5: Operational Implementation of Countermeasure Strategy
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Table 11.3G. Achievium Goal 7: Potential Ea

Countermeasure Development Phases

rth-Based A

lications

Pre | 2001
2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

Phase 0: Observational & Phenomenological Research

Phase 1: Feasibility Research

e Propose broad-band neutron detector for Tech Team

e Propose network-based remote treatment planning for radiotherapy to NIH

e Propose chemopreventive drugs in promotion/progression stage of cancer

e Propose microbeam of energetic heavy ions for Tech Team

e Propose chemopreventive dietary supplements to reduce risk of cancer

e Propose chemopreventive drugs to reduce risk of CNS damage

Phase 2: Development Research

changes in spacecraft and selection of drug categories needed

e Initiate broad-band ncutron detector in Tech Team leading to design

e NIH funds network-based remote treatment planning

promotion. progression stages.

e Begin in vivo studies of Tamoxifen as a chemopreventive drug in the

e Initiate design of microbeam of energetic heavy ions in Tech Team

e Propose chemopreventive dietary supplements to reduce risk of cancer

e Propose chemopreventive drugs to reduce risk of CNS damage

Phase 3: Mature Research and Development

e Tech Team flies broad-band neutron detector in planes and balloons

e NIH clinical trials of remote treatment planning for radiotherapy

e [ vivo studics of Tamoxifen as a chemopreventive drug.

e Prototype of microbeam of energetic heavy ions in Tech Team

s Cell’animal studies of dietary supplements to reduce risk of cancer

e Cell'animal chemopreventive drugs to reduce risk of CNS damage

Phase 4: Fvaluation & Validation

Phase S: Operational Implementation Strategy
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National Space Biomedical Research Institute
RADIATION EFFECTS

Table 11.3H. Achieving Goal 8: Integrate Experimental Research with Theoretical Analysis to be Used to Extrapolate Data to Risk
and Countermeasures for Humans.

Pre (200120022003 {2004 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 2012
2001

Phase 0: Observational & Phenomenological Research -

Phase 1: Focused Mechanistic Research

o Integrate Research in the Radiation Team

Countermeasure Development Phases

s Request proposals on this topic, review, and fund

e Develop theoretical modet to relate cell biomarkers (genetic, cytogenetic, ‘
epigenetic. and abscopal) in animals to carcinogenesis in animals

e Develop theoretical model to relate animal carcinogenesis to human
carcinogenesis

o Develop theoretical model to relate cell biomarkers (genetic. cytogenetic,
epigenetic. and abscopal) in animals to CNS damage in animals

e Develop theoretical model to relate animal CNS to human CNS

Phase 2: Preliminary Countermeasure Development Research

e Apply model with new data to obtain improved risk assessments and
models to evaluate effect of drugs in humans

e Request proposals on this topic. review, and fund

e Apply mode! with new data to obtain improved risk assessments

Phase 3: Mature Countermeasure Development Research

e Initiate shielding designs based upon model calculations of risk i

e Develop pharmaceutical strategy based upon model predictions

Phase 4: Countermeasure Evaluation & Validation

e Modify existing spacecraft and design new vehicles according to new
criteria
e Initiate ground-based clinical trials of chemopreventives and dietary
supplements.
Phase 5: Operational Implementation of Countermeasure
Strategy
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12.0 Smart Medical Systems

Team Leader: Jeffrey P. Sutton, M.D., Ph.D.
Director, Neural Systems Group
Massachusetts General Hospital
Harvard-MIT Division of Health Sciences

and Technology

Bldg. 149, 13" Street, 9" FI.
Charlestown, MA 02129-2000
617-726-4350/731-2388
617-726-4078 FAX
sutton@nmr.mgh.harvard.edu

12.1 INTRODUCTION

Health problems associated with space travel may be related to the effects of microgravity,
radiation and other risks to the body that are particular to space flight. They may also be
independent of these effects, arising in association with a given demographic population. toxic
environmental exposure or trauma. Complex interactions between these factors. as well as
potential differences in the way disorders present and respond in microgravity relative to Earth,
pose formidable challenges. The unique medical circumstances and limited health care resources
in space suggest that novel strategies are required for in-flight physiological monitoring and
medical assessment. diagnosis and treatment on long duration missions.

The Smart Medical Systems Team (SMST) aims to take a leadership role in the research and
development of an advanced. integrated and autonomous system for astronaut health assessment.
maintenance and medical care. This includes the delivery and evaluation of medical interventions
and other countermeasures to reduce the deleterious effects of space travel and enhance the
overall well-being of astronauts. To accomplish this task. the SMST works closely with other
NASA efforts in space and critical medicine. Itis anticipated that the countermeasure program of
the SMST will have significant impact and applications for Earth-based health and medical care.

12.2 RISKS

The following risks have been identified in the Critical Path Roadmap under Clinical Capabilities
(risk number in parentheses).

e Trauma and Acute Medical Problems (43)

e Toxic Exposure (44)

e Altered Pharmacodynamics and Adverse Drug Reactions (45)

e Illness and Ambulatory Health Problems (46)

e Development and Treatment of Space-Related Decompression Sickness (47)

e Difficulty of Rehabilitation Following Landing (48)

12.3 GOALS
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Risk-Based Goals: Development of Methods for Health Assessment and Medical Care

Goal 1: Methods to reduce risk of trauma and acute medical problems
Goal 2: Methods to reduce risk of toxic exposure
Goal 3: Methods to reduce risk of altered pharmacodynamics and adverse drug reactions

Goal 4: Methods to reduce risk of illness and ambulatory health problems

Non Risk-Based Goals

Goal 5: Develop a platform for suite of medical devices

Goal 6: Develop Earth-based applications for non-invasive. portable physiological
sensing and medical diagnostic and therapeutic devices

Goal 7: Integrate research and analysis

12.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The SMST was formed in 2000. and funded in 2001. following peer-review of applications for
research to mitigate risks most closely associated with the Clinical Capabilities discipline of the
Critical Path Roadmap as listed in Section 11.2. The emphasis has been on addressing the four
highest priority risks (Goals 1 to 4) in the discipline. with the requirement that Goal 5 be
developed to integrate the projects together as a prototypical smart medical system, that can be
demonstrated and implemented. Achievements toward Goal 6 are already being realized. even
though the team has only recently been established. and Goal 7 is partially addressed in Goal 5.
as well as in other contexts described later.

Given the team’s goals, collaborations have been essential. These have been initiated and
fostered across the NSBRI and with NASA flight surgeons. astronauts, medical operations
personnel, engineers and researchers at the Johnson Space Center (JSC). The team has also
developed a working collaboration with biosensor and other groups at the Ames Research Center
(ARC). the Jet Propulsion Laboratory (JPL) and other NASA Centers. It has engaged in a
working relationship with the NASA Chief Health and Medical Officer.

Collaborations are a cornerstone for the team to meet its objectives and to strategically utilize its
assets to help mitigate risks. especially those delineated in Goals 1 to 4. At present. the SMST
has eight projects headed by seven principal investigators. Five projects (led by Drs. Crum.
Davies. Klempner. Soller and Sutton) address research and development of novel biometric
sensors that are lightweight. portable. low power. non-invasive and unobtrusive. These projects
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have applications for physiological and medical monitoring of astronauts, as well as for the
assessment of countermeasures that potentially diminish the deleterious effects of long duration
space travel (Goals 1, 2 and 4). Dr. Davies’ project also has applicability to the risk of
ameliorating the difficulty of rehabilitation following landing (currently a non-goal risk - Section
11.2). One project (led by Dr. Putcha) develops a novel pharmacological drug delivery system for
near term countermeasure administration (Goal 3), while another project (led by Dr. Crum)
develops a revolutionary new form of non-invasive surgery (Goal 1). A NASA
echocardiographic resource project (led by Dr. Thomas) is supported by the SMST (Goals 1 and
4), and is jointly supervised with the Cardiovascular Alterations Team. Three projects (led by
Drs. Klempner, Sutton and Thomas) develop “smart” algorithms for minimal user evaluation and
interpretation of real time physiological and medical data (Goals 1 to 5 and Goal 7).

The current program consists of eight multi-disciplinary projects (3 animal, 1 human + animal, 2
human + computation, 1 pathogen, 1 resource) that integrate engineering, computation and
biomedicine with innovation in technology and medical care. All of the projects fit within the
objectives and strategic activities of the SMST (Section 11.5). Although the team is newly
formed, there is preliminary planning for flight tests of some technologies. and for applying
research discoveries to enhance medical care on Earth (Goal 6). A synopsis of the projects
follows. with the major attributes being summarized in Table 11.1.

Crum et al.: Guided High Intensity Focused Ultrasound for Mission-Critical Care

This project seeks to develop a lightweight. portable, smart medical device that can adequately
control internal bleeding. as well as address a number of other medical conditions that require
surgery. This device will use diagnostic ultrasound for guidance and High Intensity Focused
Ultrasound (HIFU) for therapy. Specifically. an image-guided transcutancous device for acoustic
hemostasis and bloodless surgery is proposed.

Countermeasure Target(s): Revolutionary surgical advance for use in trauma and for monitoring
and assessment of other medical problems.

Davies et al.: Vascular Genomics in Gravitational Transitions

This ground-based project will address. at the level of gene expression. the structural and
regulatory changes in murine vascular tissues associated with (a) exposure to simulated
microgravity, (b) return to normal posture. and (c) prolonged exposure to hypergravity. and its
acute reversal. Changes in RNA expression in regions of the vascular tree known to be of
particular relevance to human orthostatic intolerance, and of critical importance in normal blood
vessel regulation. will be investigated.

Countermeasure Target(s): Training and other interventions to minimize effects of vascular
change. with pre-. in- and post-flight applications.

Klempner et al.: Smart Medical System for Microorganism Detection

This proposal involves the development of a novel smart medical system to detect and identify
bacteria through the use of novel sensors and includes three steps: (a) development of
“fingerprinting”™ phage display libraries which can detect. identify. quantify and discriminate
bacterial species in environmental and biological specimens: (b) application of phage displayed
peptides and antibody fragments in a microarray to the surface of a microsensor to demonstrate.
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using optical readout and colorimetric reflectance, the sensitivity and specificity for detecting and
discriminating between bacterial species using surface “fingerprints”; and (c) development of
algorithms from the microarray response for real-time identification and discrimination of
bacterial spectes.

Countermeasure Target(s): Novel monitoring and diagnostic capabilities with environmental
manipulation and pharmacological countermeasure possibilities.

Putcha et al.: Microcapsule Gel Formulation for Intranasal Promethazine HCI

The goal of this project is to develop an intranasal dosage formulation of promethazine
hydrochloride that will provide crewmembers with a non-invasive means of self-administering space
motion sickness medications. The research involves the (a) development of a microencapsulated,
pH-balanced gel dosage formulation and a combination form with a corticosteroid for intranasal
administration, (b) establishment of release kinetics and shelf life of the optimized dosage forms,
and (c) assessment of bioavailability, nasal mucosal irritability and toxicity of the selected dosage
forms in rats.

Countermeasure _ Target(s): Novel drug delivery system for pharmacological agent
administration.

Soller et al.: Noninvasive Measurement of Blood And Tissue Chemistry

This project uses near infrared spectroscopy and novel! algorithms to non-invasively assess blood and
tissue for the measurement of oxygenation, pH. glucose and hematocrit in humans, irrespective of
skin color and gender. These parameters are important in diagnosing and treating hypoxia and trauma
that may arise from exposure to radiation, toxic chemicals and blunt or sharp injury. They may also
be useful in evaluating exercise as a countermeasure for extended weightlessness.

Countermeasure Target(s): Physiological and medical monitoring and diagnosis of blood and tissue
parameters. Some parameters, such as muscle pH. are relevant for optimizing exercise
countermeasures.

Sutton et al.: Near Infrared Brain Imaging for Space Medicine

This project develops and implements a non-invasive. low power. portable. functional imaging
technology for monitoring brain activity in remote harsh environments. including microgravity. The
device uses diffuse optical tomography. which is validated in the project using functional magnetic
resonance imaging. Performance on motor tasks of varying complexity under normal and sleep-
deprived conditions are conducted with tomographic functional imaging to assess cortical activity in
humans during simulated flight tasks. including docking. The technology is also being developed to
assess patients with altered intracranial pressure. The sensor work interfaces with a system for
automated assessment, warning. and countermeasure evaluation.

Countermeasure Target(s):  Physiological and medical monitoring and diagnosis. with
countermeasures to adjust scheduling and performance expectations.

Thomas et al.: Diagnostic 3D Ultrasound Algorithms for Space Applications

This project seeks to develop. optimize and validate diagnostic ultrasound in manned space
flight, with aims focused on (a) serial 3D examinations to enhance current diagnostic
capabilities. (b) utilizing reconstruction and real-time techniques, (c) registering anatomical
images from 2D and 3D ultrasound with those obtained from prior ultrasound examination and
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from magnetic resonance and computed tomographic imaging, (d) abstracting, in an automated
fashion, anatomical changes in ultrasound studies, (¢) compression algorithms, and (f) assessing
the ability of novice examiners to obtain 3D sonographic data sets (cardiac, renal) following
minimal training.

Countermeasure Target(s): Physiological and medical monitoring and diagnosis, with early
countermeasure intervention, such as pharmacological agents or nephrolithiasis, when indicated.

Thomas et al.: Echocardiographic Resource for Microgravity Studies

This resource project in ultrasound experimentation and training is a collaboration with the
Cardiovascular Alterations team. The goal is to establish an Echocardiographic Core Facility to
the NASA research and clinical communities, capable of applying standard and novel analysis
techniques in a rigorous fashion to echocardiographic data obtained from selected ground-based
experimental models, pre- and post-flight examinations, and eventually from in-flight
acquisitions.

Countermeasure Target(s): Physiological and medical monitoring and diagnosis, and training of
naive users in medical image acquisition, with multi-systems applications (e.g.. cardiovascular,
bone, renal).

The integration activities among the projects just listed. both within the SMST and between the
SMST, other NSBRI teams and groups outside the NSBRI. are summarized in Table 11.2. From
a technology. modeling and physiological system perspective. the relationships are also
illustrated in Figure 11.1. Specifically. each of the eight SMST projects is represented along the
middle row of Figure 11.1. The projects are coded to depict (a) NSBRI cross-team interactions
(Soller with Cabrera (Nutrition, Physical Fitness and Rehabilitation)). (b) NASA interactions
(Davies with Luzod (ARC); Putcha (JSC); Sutton with Marshburn (JSC)). (¢) NSBRI cross-team
and NASA interactions (Klempner with Fox (Immunology. Infection and Hematology Team) and
Pierson (JSC): Thomas with Cohen (Cardiovascular Alterations Team) and JSC)). and (d) none
of the above (although Crum has strong ties to the Department of Defense medical technology
programs).

The bi-directional arrows in Figure 11.1 represent relationships (a) among projects within the
SMST and (b) between SMST projects and the other NSBRI teams. These relationships are
broken down into two main categories: Technology: and Physiological Systems and Effects.
Across the top row, interactions between SMST projects and the Technology Development Team
and core Integrated Human Function activities are shown. These interactions correspond roughly
to experimentation (Technology Development Team) and theoretical or modeling (core
Integrated Human Function) interactions. Arrows pointing to particular boxes from SMST
projects fo boxes in the upper row show how SMST projects contribute to NSBRI developments
in other specific domains. For example. the Klempner. Soller and Sutton projects all develop
novel spectrographic devices that complement one or more projects being developed in the
Technology Development Team (specifically. projects headed by Potember and by Maurer).

Arrows that originate from boxes in the upper row of Figure 11.1 and project to SMST projects

represent links among projects within the SMST. The relationships are incomplete and are
evolving. sometimes with added benefit to the overall NSBRI scientific program. For example,
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ultrasound technologies link projects by Crum and Thomas, although Thomas’ projects do not
develop hardware. The functional magnetic resonance imaging (fMRI) aspects of Sutton’s
project adds to the (non-functional) MRI developments in the Technology Development Team;
hence the half shaded box in Figure 11.1. The chemical engineering and functional genomic and
proteomic approaches on the SMST complement other core technology developments within the
NSBRI program.

Bi-directional arrows between the boxes representing the SMST projects and the system teams along
the bottom row of Figure 11.1 work similarly to those just described. There is synergy with every
system team, especially the Cardiovascular Alterations Team. There is also an emerging emphasis on
brain and neurobehavioral alterations within the SMST (Sutton project). At present. there is no
synergy with the Radiation Effects Team, although there is scientific overlap with that team.

SMST - Technology, Physiological Systems and Interactions
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Figure 11.1

In October 2001. the SMST provided a live demonstration of new technologies and added value
across projects to the Team Leaders of the other NSBRI tcams and to the External Advisory
Council. Considerable progress was made by the SMST since October 2001. In March 2002, the
Council reported that the SMST:
e “has been remarkably successful in realizing substantial progress and rapid maturation of
several of it major projects.”



e “has achieved proof-of-principle or near proof-of-principle countermeasure status of
several of the systems within its development domain,”

e “has in many ways succeeded in the fundamental mission of the NSBRI, namely, to
engage in basic research that leads to new technologies uniquely suited to the critical
needs of NASA space flight demands,”

e “should have as its highest priority the definition of flight-test trajectories for its most
successful technologies,” and

e “should (have next stage goals that are) highly focused and implemented with a certain
sense of urgency” given the team’s “success and the current critical stage of development

of the NSBRI.”

Prototypical Smart Medical System
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To follow through on achieving Goals 1 to 7, the SMST has developed a model prototype and
concept of operations to identify gaps, weaknesses. strengths, needs and progress toward mature
countermeasures. The model is summarized in Figure 11.2. In this figure. information from the
environment and astronauts is sensed by a suite of small. lightweight. low power. portable, non-
invasive. unobtrusive, intelligent sensors with pattern recognition capabilities. These sensors feed
automatically analyzed. rather than raw. data into decision-making algorithms. that also have
cognitive input from the astronauts themselves. There is a model of the system, which is where the
NSBRI integration core activities fit into the team’s plans. The model not only (a) assesses input
from multiple sources. but it (b) pre-plans notification for onboard alarms and information transfer to
the ground. (c) looks at contingencies and outcomes for cffectors and treatments prior to the
administration of countermeasures. (d) assesses the effectiveness of treatments and countermeasures.
(¢) monitors consequences of actions and countermeasures. and (f) interfaces with models for pattern
recognition and analog hardwarc learning. Since feedback loops exist which are independent of
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external and M.D. control, the system is, in principle, autonomous. Moreover, the design is
achievable, to varying degrees, and proposes a revolutionary new health care system for space, which
is central to the research charge assigned to the SMST.

While there are other features of the system described in Figure 11.2, the main points in summary
are:
e Enhanced small sensor platforms with pattern recognition and wireless capabilities
e Adaptable system of systems for sensor integration
e Algorithms and models for human assisted monitoring, countermeasure assessment and
decision making
e Common platforms for sensing and countermeasure delivery

Tables 11.3a and 11.3b provide projected timelines for achieving Risk-based Goals 1 to 4 using
the model of Figure 11.2. Non-risk based Goals 5 to 7 are achieved in parallel to the Risk-based

Goals as described in Section 11.5.

12.5 OBJECTIVES AND STRATEGIC ACTIVITIES

The objectives underlying each goal are presented below. along with strategic activities that will
be used to achieve the goals and objectives.

Goal 1: Methods to Reduce Risk of Trauma and Acute Medical Problems

Obijective 1A. Assess risk and target level of acceptable risk

e Determine the full range of risks to trauma and acute medical problems using evidence
based medicine and other approaches. All team members have been acquiring such
information from published reports. JSC personnel. and current and former astronauts
and flight surgeons.

e Determine the full range of current clinical capabilities taking into account international
requirements and resources (Putcha. Klempner. Soller. Sutton. Thomas projects: JSC
personnel).

Objective 1B. Determine mechanisms

e Identify technologies suitable for non-invasive physiological assessment (all projects).

e Identify capabilities of sensor technologies for use in trauma (Crum, Soller. Sutton.
Thomas projects).

e Identify promising new non-invasive surgical interventions (Crum. Soller. Sutton.
Thomas projects).

e Assess validity of sensors based on gold standards in health and disease (Crum.
Klempner, Soller, Sutton. Thomas projects).

e Further understanding of signal and effector mechanisms in relation to novel scnsor
developments (Crum. Soller. Sutton projects).

Objective 1C. Develop countermeasures

e Test sensors for normal anatomical and physiological non-invasive monitoring in

animals and humans (Crum. Klempner. Soller. Sutton. Thomas projects).
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Goal 2:

Test sensors for anatomical and physiological non-invasive monitoring in animals and
humans during trauma and acute medical conditions (Crum, Klempner, Soller, Sutton,
Thomas projects).

Develop time-derivative pattern recognition and other algorithms for near automated
detection of significant medical alterations based on sensor data (all projects).
Refinement of non-invasive surgical capabilities integrated with image guided
detection, interpretation and assessment of treatment efficacy (Crum project).

Human subject demonstration of sensor-algorithm devices for trauma and acute medical
problem assessment (Crum, Klempner, Soller, Sutton, Thomas projects).

Human subject demonstration of sensor-effector (treatment) devices for trauma and
acute medical problems (Crum, Soller, Thomas projects).

Evaluation of sensor-algorithm-effector “smart” system in simulated space flight
conditions (e.g.., KC135) (Soller, Sutton, Thomas projects).

Methods to Reduce Risk of Toxic Exposure

Objective 2A. Assess risk and target level of acceptable risk

Determine the full range of risks to toxic exposure based on environmental factors and
evidence based medicine from NASA Centers, including JSC. ARC and JPL (e.g..
eNose project). Team members have been acquiring such information from published
reports. JSC personnel, and current and former astronauts and flight surgeons
(Klempner, Sutton projects).

Determine the full range of current capabilities for management of toxic exposure
taking into account international requirements and resources (Klempner. Sutton
projects; JSC personnel).

Objective 2B. Determine mechanisms

Identify emerging technologies suitable for management of toxic exposures in the space
environment (Klempner. Sutton projects with input from JSC. ARC and JPL personnel).
Investigate mechanisms and determine validity of approaches in reducing risk of toxic
exposure (Klempner. Sutton projects in collaboration with biotechnology companies.
including SRU Biosystems).

Objective 2C. Develop countermeasures

Test technologies suitable for toxic exposure monitoring in remote harsh environments
(Klempner project, collaboration with JSC, ARC biosensors group. JPL).

Tests sensors on animals for toxic exposures and medical sequelae of exposures
(Klempner project. collaboration with JSC. ARC biosensors group. JPL).

Human subject demonstration of novel technologies for assessment of toxic exposures
(Klempner project. collaboration with JSC and ARC biosensors group).

Evaluation of “smart” systems for assessment of toxic exposure in simulated space
environment (Klempner. Sutton projects. collaboration with JSC personnel).



Goal 3: Methods to Reduce Risk of Altered Pharmacodynamics and Adverse Drug
Reactions

Objective 3A. Assess risk and target level of acceptable risk

e Determine the full range of risks and implications of space flight alterations in human
physiology concerning pharmacology for clinically useful medications. This requires
interactions with JSC scientists, flight surgeons and astronauts. Team members have
been acquiring such information (Klempner, Putcha, Sutton, Thomas projects).

e Determine the full range of current pharmacological practices taking into account
international requirements and resources (Putcha project: JSC personnel).

Objective 3B. Determine mechanisms

e Identify emerging technologies suitable for establishing the effects and implications
regarding absorption, distribution, metabolism., clearance, excretion, clinical efficacy,
side effects and drug interactions for clinically useful medications (Putcha. Sutton.
Thomas projects).

e Investigate mechanisms and determine validity of approaches for quantifying altered
pharmacodynamics and adverse drug reactions (Putcha project; this area requires further
support).

Objective 3C. Develop countermeasures

e Test technologies suitable for non-invasive drug delivery of clinically relevant
medications for space flight (Putcha project).

o Establish clinical efficacy and side effect profiles of appropriate medications for space
flight (Putcha project).

o Determine space and radiation hardness of appropriate medications (this area requires
further support).

o Human subject demonstration of novel drug delivery system with established efficacy
and high benefit to risk ratio (Putcha project in collaboration with JSC flight surgeons
and astronauts).

Goal 4: Methods to Reduce Risk of Illness and Ambulatory Health Problems

Objective 4A. Assess risk and target level of acceptable risk
e Determine the full range of risks of illnesses and ambulatory health problems using
evidence based medicine. All team members have been acquiring such information from
published reports, JSC personnel (in collaboration with the Director of the Space and
Life Sciences Directorate) and current and former astronauts and flight surgeons.
e Determine the full range of current clinical capabilities taking into account international
requirements and resources (Crum. Klempner. Putcha. Sotler. Sutton. Thomas projects:
JSC personnel).
Objective 4B. Determine mechanisms
e Identify emerging technologies suitable for management of illnesses and ambulatory
health problems in the space environment (Crum. Klempner. Putcha. Soller. Sutton.
Thomas projects).



e Investigate mechanisms and determine validity of approaches in reducing risk of illness
and ambulatory health problems (Crum, Klempner, Putcha, Soller, Sutton, Thomas
projects).

Objective 4C. Develop countermeasures

e Test technologies suitable for conducting a nominal health and fitness examination, and
for performing ongoing health monitoring, in remote harsh environments (Crum,
Klempner, Putcha, Soller. Sutton, Thomas projects).

e Tests sensors on animals for physiological monitoring (Crum, Klempner, Putcha, Soller.
Thomas projects).

e Human subject demonstration of novel technologies for assessment of nominal health
and fitness examination, and ongoing health monitoring, in simulated space
environment (Crum, Klempner, Putcha, Soler. Sutton, Thomas projects).

e FEvaluation of “smart” systems for assessment of nominal health and fitness
examination, and ongoing health monitoring, in simulated space environment (Crum,
Klempner, Putcha, Soller, Sutton, Thomas projects).

Goal 5: Develop a Platform for Suite of Medical Devices
Objective SA Assess and develop platform prototypes

o Identify adaptable, reconfigurable hardware that is software intense and able to support
a suite of medical devices (Crum. Klempner. Sutton. Thomas projects: this area requires
further support).

e Develop software capable of providing local computation on sensors with integrative
abilities across the entire suite of sensors (Sutton project: this area requires further
support). ’

e Develop models of the entire network that can process data streamed in real-time,
predict outcomes and recommend actions. including countermeasure delivery (Sutton
project: this arca requires further support).

Objective SB. Implement platforms and assess capabilities

e Test hardware and software prototypes by adding a single sensor-algorithm-effector
system to the platform and ensuring that the system remains functional (Crum. Davies.
Klempner. Sutton. Thomas projects: this area requires further support).

e Add several sensor-algorithm-effector systems to the platform and ensure that each
system remains functional (Soller, Sutton projects: this area requires further support).

e Link systems to provide added value to physiological monitoring. prediction and
countermeasure delivery (Sutton project in collaboration with JSC medical operations:
this area requires further support).

e Expand system to automate monitoring and countermeasure delivery in significant risk
scenarios, including trauma. toxic exposure. illness and ambulatory health problems
(Crum, Soller. Sutton projects in collaboration with JSC medical operations: this area
requires further support).

Goal 6: Develop Earth-based Applications for Non-invasive, Portable Physiological Sensing
and Medical Diagnostic and Therapeutic Devices
Obijective 6A. Identification and demonstration
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e Identify promising developments within and between projects, and identify the need(s)
for applying these developments to Earth-based problems (all team projects).

e Demonstrate promise of efficacy and superiority of technologies to solve Earth-based
problems (all team projects).

Objective 6B. Leveraging and transition

e Secure additional support from government, academic and/or industry to leverage
NSBRI funding and to firmly establish efficacy and superiority of technologies to solve
Earth-based problems (all team projects).

e Protect intellectual property.

e Engage NSBRI Industry Forum and other avenues to perform due diligence and possible
commercialization.

Goal 7: Integrate Research and Analysis
Obijective 7A. Integrate research within the Smart Medical Systems Team

e Continue current integration efforts among team Pls. co-investigators and key NASA

personnel affiliated with team projects. as summarized in Table 11.2.
Objective 7B. Integrate research with other teams

e Continue current integration efforts with other teams and with integrated human
function modeling efforts, as summarized in Figure 11.1.

e Continue coordinated technology development efforts with the Technology
Development Team.

e Continue coordinated interactions and collaborations with the Cardiovascular
Alterations, Human Performance Factors. Sleep and Chronobiology. Neurobehavioral
and Psychosocial Factors. Immunology. Infection and Hematology. Muscle Alterations
and Atrophy. Nutrition. Physical Fitness and Rehabilitation. Bone Loss and
Neurovestibular Adaptation Teams (mapping of SMST projects to other teams shown in
Figure 11.1).

e Coordinate with the Radiation Team regarding the eftects of space radiation on medical
illness in animals as a prelude to assessing and monitoring the effects in humans.

Obijective 7C. Integrate research with investigators not formally associated with the NSBRI

e Although all of the projects on the SMST involve collaborations among leading
investigators from different schools. universities. companies and Federal agencies. team
members continue to seek out expertise from scientists not formally part of the NSBRI
who can contribute to many of the areas under study. The number of investigators who
initially were not associated with the NSBRI and who now collaborate with the SMST
exceeds the number of investigators originally supported on the team. The SMST
continues to serve as a nidus in an emerging arca of space and Earth-based biomedical
research.

12.6 SUMMARY

The SMST is a collaborative effort within the NSBRI and with NASA that firmly embraces the
countermeasure development paradigm to deliver critical aspects of an advanced. integrated and
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autonomous system for astronaut health assessment, maintenance and medical care. The success
of the team is dependent upon new enabling technologies, the establishment of risk priorities
based on hard evidence and opportunities to demonstrate countermeasure efficacy on the ground
and in a space medicine environment. The importance of this research is clear, as the risk of
Trauma and Acute Medical Problems is one of the four Type I risks on the Critical Path
Roadmap. The team currently focuses on the top four out of six risks (Risk-Based Goals 1 to 4)
listed under Clinical Capabilities in the Critical Path Roadmap. Modeling and applications for
Earth-based care are active areas of investigation and achievement.

Tables 11.3a and 11.3b summarize the plans to achieve Goals 1 to 4. While there is a critical
mass of investigators to implement this plan, there is a need to supplement the work in
pharmacology and in the systems engineering to develop a platform for a smart medical system.
Moreover, it should be recognized that further support is required to foster the critical interface
between members of the SMST and the flight surgeon and NASA engineering communities,
especially with respect to meeting medical requirements and achieving feasible device
implementation.

With adequate adjustment in program support, it is anticipated that the SMST will continue its
successful course as noted by the External Advisory Council in March 2002. There is enormous
potential in the team’s individual projects, the added value across team projects and interactions
with other teams. The SMST is well positioned to make significant contributions to Earth-based
clinical care. Figure 11.1 summarizes the implemented strategy for interactions and Figure 11.2
proposes the strategic model for a revolutionary form of a smart medical system for space and for
Earth.
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Table 11.1. Project Research Activities

Pl/Project

Risk(s) Addressed

Countermeasure
Target

Experimental
System

Phase 1
Activities:
Focused
Mechanistic
Research

Phase 2
Activities:
Preliminary
Countermeasure
Development
Research

Phase 3
Activities:
Mature
Countermeasure
Development
Research

CRUM/Guided High
Intensity Focused
Ultrasound for Mission-
Critical Care

Trauma, acute medical
problems

Monitoring, med
assessment
Surgery

Image guided
HIFU for acoustic
hemostasis

Determine
efficacy of HIFU
on tissue for
bloodless surgery

Develop integrated
imaging — HIFU
system

Planning for
human
demonstration of
system

DAVIES’ Vascular
Genomics in Gravitational
Transitions

Rehabilitation
following landing

Training

Hypergravity mice,
vascular RNA

Understand
vascular gene,
protein effects
in hyper-g

KLEMPNER Smart
Medical System for
Microorganism Detection

Trauma. acute med
Toxic exposure
llIness, ambulatory
health problems

Monitoring. med
assessment
Pharmacological
agents

Phage displayed
ligands
Colorimetric
resonant sensors

Establish
microbial
phage libraries
of space fungi
and sensitivity
of reflectance
biosensor

Develop and test
novel sensor to
detect and analyze
phages

PUTCHA 'Microcapsule
Gel Formulation for
Intranasal Promethazine

Altered
pharmacodynamics

Pharmacological
agents

Microencapsulation
Kinetics and bio-
availability in rat

Develop and test
microencapsulated
promethazine

Planning of
human studies for
drug delivery
system
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SOLLER/Noninvasive
Measurement of Blood and
Tissue Chemistry

Trauma, acute med
IlIness, ambulatory
health problems

Monitoring. med
assessment
Exercise

Near infra-red
spectroscopy and
algorithms

Refine NIRS
technology for
tissue pH and
hematocrit
determination

Utilize NIRS for
non- invasive
tissue moni-toring
during exercise

SUTTON/Near Infrared
Brain Imaging for Space
Medicine

Trauma. acute med
IlIness, ambulatory
health problems

Monitoring. med
assessment
Performance
adjustments

Diftuse optical
tomography,
simulated docking
task. ICP changes

Develop DOT
system and
validate using
fMRI to detect
regional brain
activity and
ICP changes

Integrate DOT
assessment of
brain function
during simulated
docking task

THOMAS/Diagnostic 3D
Ultrasound Algorithms for
Space Applications

Trauma. acute med
Hiness. ambulatory
health problems

Monitoring. med
assessment
Pharmacological
agents

Ultrasound and
algorithms in
animal and human
models

Identity and
adapt new
algorithms for
real-time
evaluation of
cardiac and
renal echo data

Develop and test
algorithms for
semi-automated
interpretation

THOMAS Echocardiograp
hic Resource for
Microgravity Studies

Trauma. acute med
[liness. ambulatory
health problems

Monitoring. med
assessment
Training

Training paradigms

Testing of training
protocols to use
echo equipment
and analyze

Plans to test
system during
space flight
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Table 11.2. Integration Activities

SUTTON

projects

CV team

SOLLER
CRUM DAVIES 'KL—EgMnmPF# PUTCHA Non- Near %ﬁ THOMAS
HIFU for Vascular . . | Microcapsule | invasive infrared & Echo-
. . . | microorganis . 3D . .
mission genomics in . drug blood & brain cardiographi
o " m detection . . . . ultrasound
critical care | g transitions formulation tissue imaging for ¢ resource
Sys . for space
chemistry | space med
Monthly Monthly Monthly team | Monthly team | Monthly Monthly Monthly Monthly team
Internal team team telecon; | telecon: telecon; team team telecon; | team telecon; | telecon;
Communication | telecon: Biannual Biannual team | Biannual team | telecon; Biannual Biannual Biannual team
Biannual team meeting: meeting; Biannual team team meeting;
team meeting; NSBRI NSBRI team meeting; meeting; NSBRI
meeting; NSBRI retreat: retreat; meeting: NSBRI] NSBRI retreat;
NSBRI retreat; Biannual Biannual NSBRI retreat; retreat; Biannual
retreat: Biannual NASA NASA retreat; Biannual Biannual NASA
Biannual NASA meeting: meeting; Biannual NASA NASA meeting;
NASA meeting: National National NASA meeting; meeting; National
meeting: National scientific scientific meeting; National National scientific
National scientific meetings meetings National scientific scientific meetings
scientific meetings scientific meetings meetings
meetings meetings
Sensor Vascular Algorithms Promethazine | Sensor Sensor links | Sensor links | Sensor links
Integrated aspects link | studies link | link to development | links to to SOLLER | to CRUM to CRUM
Experiment to both Cardiovascul | SUTTON links to SUTTON | project; project; project;
Development THOMAS | ar project: Neurovestibul | project: Algorithms | Algorithms | Algorithms
projects Alterations Phage library | ar Adaptation | Application | link to link to link to
team studics link to | team s links to KLEMPNER | SUTTON SUTTON
ITH team Muscle and project; project;
team THOMAS Echo links to | Echo links to

CV team




Sample Sharing

Specimen
sharing with
JSC
microbiology

Collaborati
on with
CABRAR
A project

Cognitive
task sharing
with JSC
flight
surgeons

Vascular
investigation
s link to
DAVIES
project

Resource is
shared within
NSBRI and
NASA

Synergistic
Studies of
Opportunity

Studies with
DoD/
DARPA

Bioengineeri
ng Center, U
Penn

SRU
Biosystems.
biotechnology
industry

Pharma
industry
collaborations

Medical
assessment
for
diabetics.
surgical
patients

Neuro
monitoring in
[CU. Harvard

Cardiac,
renal
imaging apps
in med
practice;
flight apps

Resource of
National value

Development of
Computer
Model of
Integrated
Human
Function

Image /
model

guided
surgery

Data mining

Neural nets
for pattern
recognition
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software
engineering
platform

Algorithms
for
individualize
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models

Modeling for
training
purposes
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Table 11.3a. Achieving Goal 1: Methods to Reduce the Risk of Trauma and Acute Medical Problems

Countermeasure Development Phases

2001

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

Phase 0: Observational & Pheriomenological Research

Phase 1: Focused Mechanistic Research

Identify technologies suitable for non-invasive physiological
assessment

Identify capabilities of sensor technologies for use in trauma
Identify promising new non-invasive surgical interventions
Assess validity of sensors based on gold standards in health
and disease

Establish with NASA Medical Ops personnel levels of risks in
humans

Phase 2: Preliminary Countermeasure Development Research

Test sensors for normal anatomical and physiological non-
invasive monitoring in animals and humans

Test sensors for anatomical and physiological non-invasive
monitoring in animals and humans during trauma and acute
medical conditions

Develop time-derivative pattern recognition and other
algorithms for near automated detection of significant medical
alterations based on sensor data

Refinement of non-invasive surgical capabilities integrated
with image guided detection, interpretation and assessment of
treatment efficacy
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Phase 3: Mature Countermeasure Development Research

o Human subject demonstration of sensor — algorithm devices for
trauma and acute medical problem assessment

e Human subject demonstration of sensor — effector (treatment)
devices for trauma and acute medical problems

Phase 4: Countermeasure Evaluation & Validation

e Evaluation of sensor — algorithm — effector “smart” system in
simulated space ﬂight conditions

Phase 5: Operational Implementation of Countermeasure
Strategy
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Table 11.3b.

Achieving Goals 2-4: Methods to Reduce the Risk of Toxic Exposure, Altered

Pharmacodynamics and Adverse Drug Reactions, and Iliness and Ambulatory Health Problems

Countermeasure Development Phases

Pre
2001

2001

20022003

2004

2005

2006|2007

2008

2009

2010

2011

2012

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

Identify emerging technologies suitable for management of
toxic exposures. drug delivery and alterations, and nominal
health exam. in space environment

Investigate mechanisms and determine validity of approaches
in health problems

Establish with NASA Medical Ops personnel levels of risks in
humans

Phase 2: Preliminary Countermeasure Development Research

Test technologies suitable for health monitoring in remote
harsh environments

Test sensors for toxic exposures and medical sequelae of
exposures

Investigate novel drug delivery and other pharma concerns to
reduce drug adversity in space environment

Phase 3: Mature Countermeasure Development Research

Human subject demonstration of novel technologies for

assessment of health and medical problems. including




exposure to toxins
e Determine in human trials countermeasure effectiveness of
new pharma approaches relevant for space

Phase 4: Countermeasure Evaluation & Validation

e Evaluation of “smart” systems for assessment of health and
medical problems in simulated space flight conditions

e Establish efficacy of new pharma approaches. including
microencapsulation

Phase S: Operational Implementation of Countermeasure
Strategy




13.0 Technology Development

Team Leader: Harry K. Charles, Jr., Ph.D.
Assistant Department Head for Engineering
Technical Services Department
Applied Physics Laboratory
Johns Hopkins University
11100 Johns Hopkins Road
Laurel, MD 20723-6099
240-228-8050
240-228-6119 FAX
harry_charles@jhuapl.edu

13.1 INTRODUCTION

The Technology Development Program (Team) of the National Space Biomedical Research
Institute (NSBRI) is chartered with developing technologies that will lead to a better
understanding of the barriers to long-duration space exploration and assist in the development of
countermeasures to assure safe and productive missions. The primary focus of the Technology
Development Program is directed toward those technologies that support the ground-based and
space-based research of the other NSBRI research teams and space life science research
community at large. Accordingly. it creates systems and tools such as sensors, instruments.
devices. and intelligent software. Requirements for these tools and technologies are predicated
on the carefully developed needs of the other rescarch teams. In particular. the Technology
Development Team selects projects that: (1) support the. investigation of the effects of spaceflight
on human physiology and behavior; (2) apply this information toward the development of
techniques. technologies. instruments, and countermeasures that will sustain humans during
future long-duration space missions: and (3) benefit the quality of lifc and medical care on Earth.

Synergism is a key element of the program and the Technology Development Team strives to
bring the engineering and biological science disciplines together in the identification and
development of devices. instrumentation. and systems that address the fundamental research
issues critical to the human exploration of space. A unique feature of the Technology
Development Team’s projects are their ability to bring an integrated systems engineering
perspective (cross discipline) to bear on technology development as it supports the basic
research. An important by-product of this integrated approach is the cross-education of the basic
and applied science researchers in engineering and technology disciplines and the applied
research and development engineers in biological and medical science.

13.2 IDENTIFYING TECHNOLOGY NEEDS

Identifying technology and technology development projects that are important to the
requirements of the other NSBRI teams and the human exploration of space is a critical element
of the Technology Development Team'’s charter. These technology identification activities fall in
three general areas: (1) assessing the developments in science. technology. and engineering by
industry. academia. and government that may impact the conduct of both space- and ground-
based research in support of the human exploration of space: (2) monitoring the risks to

spaceflight and NASA's humans in space roadmap to ensure that the current and future
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technological developments align with the major risk areas; and (3) fostering close
communications between NASA, the NSBRI, and the industrial and academic communities to
focus the new technologies and revolutionary developments on specific methods of risk
reduction and countermeasures.

While all fields of engineering and applied science are rapidly changing as new materials, tools,
and processes come on line, a few areas important to medical and biological sciences and NSBRI
research can be identified. These areas include miniaturized devices and sensors, engineered
materials, wireless communications, information processing and storage, and autonomous control
and operation. The world of microelectronics continues its revolution with more and more active
devices being placed on a single chip (i.e.. a piece of semiconductor material the size of a human
fingernail). The processing and science used to achieve the fantastic densities of active devices
on a single chip (100 million to 1 billion) has been applied to several adjunct fields which hold
promise in the biological arena, especially sensors. In particular, microelectromechanical
systems (MEMS) can produce miniaturized mechanical parts that move under the action of an
applied electric field or other stimulus. Such technology offers great possibilities for detectors
and samplers that can be used to collect biological samples and provide on a chip analysis work.
Other miniaturized and materials technologies will lead to entire analysis systems on chip.
Nanotechnology and its associated self-assembly techniques will be a major underpinning of all
advanced materials and composite structures. It will have far reaching effects on the biological
and medical worlds ranging from the impregnation of bandage material with silver nanoparticles
to promote wound and burn healing while preventing infection to the development of the fully-
instrumented human by utilizing smart garments composed of composites with embedded
nanofibers for sensing and control of the body environment.

The wireless communications explosion will have a significant impact on human
communications as well as the control and readout of scientific information. Wireless interfaces
will do much to improve clutter in cramped spacecraft as well as speed data collection and
improve the comfort of astronauts during the experimental process. Advances in signal
processing and information storage and processing will allow vast amounts of information to be
stored on board the spacecraft as well as cftective data compression for scientific information
transmission. The exploitation of autonomous systems and automated control offer significant
advantages for reducing the experimental burden on both the research scientist and the astronaut.
Such systems range from the robotic control of machines and machine processes (e.g.. blood
sampling and analysis) to improving the quality of health delivery during long-duration space
missions by using smart medical systems. '

Since such a myriad of potentially useful technologies. devices. and instruments could have
significant impact on an astronaut’s health and his ability to perform his mission. it is important
for the Technology Development Team to identify the most important of NASA's risk factors for
humans in space and then from these risk factors identify technology applications and devices
that might produce significant risk countermeasures or aid human adaptation or health care in
prolonged flight environments.

The Critical Path Roadmap (CPR) provides the foundation needed by NASA to ensure that
human spaceflight now and in the future is as safe. productive. and healthy as possible (within
the mission constraints) regardless of the mission duration or destination. The CPR provides a
framework for risk identification. risk prevention, and the need for viable countermeasures
associated with humans in long-duration spaceflight. The Technology Development Team uses
this roadmap as one means of prioritizing project selection. For example. bone loss in

224



microgravity is considered one of the most serious risk factors (Type 1). Two NSBRI research
teams are addressing bone loss and the causal or associated muscle alteration in space. The
Technology Development Team has ongoing projects that directly support the efforts of both the
bone and muscle teams.

Using the roadmap alone is not sufficient to identify all technology needs of the NSBRI research
teams as well as the needs for human spaceflight. The Technology Development Team actively
engages members from the other research teams, the medical science community, and NASA to
assess additional technical requirements. Through various individual team leader and working
group interactions, the needs are identified, distilled, and then focused into a technology
development program.

13.3 GOALS
The Technology Development Team has the following goals for its program:

Goal 1: Identifying new technological advancements and developments that can have a major
impact on space biomedical research and astronaut health.

Goal 2: Contribute to risk reduction in each CPR priority area by developing new medical
instruments and devices for both ground- and space-based research and countermeasure
development.

Goal 3:  Exploit the developments and advances made by Technology Development Team
projects to improve the quality of life and health care delivery on Earth.

Goal 4: Promote the transfer of NSBRI-developed technological advances to industry for the
benefit of Earth-based medical care.

Goal 5: [Integrate technology development needs across other NSBRI teams. medical science
community, and NASA through service and communication to become recognized as an
important service arm that helps these researchers develop needed tools and instrumentation.

13.4 DESCRIPTION AND EVALUATION OF THE CURRENT PROGRAM

Description of Current Projects

The risks associated with long-term exposure to microgravity and a high radiation environment
are numerous; they represent the basis for the research program pursued by the NSBRI. Most of
the ongoing NSBRI research is vertically integrated within a specific thrust area. For instance.
the research teams typically have a core research topic that is combihed with several special topic
areas to form a disciplined approach to addressing a number of related issues.

The Technology Development Program is implemented in a different manner. The funded
projects are selected, among other reasons, for their ability to provide necessary and enabling
technologies for the basic research areas. Thus. the thrust area is laterally integrated with the
other research areas. Figure 13.1 is a diagram showing the interaction between the eight current
Technology Development Team projects and the other ten NSBRI research teams. As can be
seen in Figure 13.1. the current Technology Development Team projects support nine of these
remaining ten research areas.
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Figure 13.1. Mapping of current NSBRI Technology Development Team projects into the
remaining ten NSBRI research areas.

The Technology Development Team generally focuses on projects that will deliver a specific
product (e.g., sensor. instrument. etc.) in a specified period of time. typically one to three years.
Of particular interest are projects that have strong technology transfer potential to industry so that
the products of the development can be made available to support the research activities of other
teams and achieve maximum societal benefit. Projects under the Technology Development
Team umbrella are encouraged to interact with industry early in the development cycle. The
NSBRI’s Industry Forum can foster such interactions.

Proposals to the NSBRI Technology Development Program are expected to be of sufficient
maturity (i.e.. NASA Phase A (Conceptual Design)) so that: (1) the critical rescarch issues can be
readily identified. (2) the relevance of the technology development to the key research needs of
the other NSBRI research teams and human spaceflight is evident, and (3) the technical approach
and development plan directly lead to a deliverable (instrument. sensor. countermeasure device.
etc.) within a reasonable timeframe.

Currently, there are eight projects under the umbrella of the NSBRI Technology Development
Team: three projects continuing from the first research cycle (1998-2000) and five new projects
that were nominally started in February 2001. Some projects had slightly later starts due to
funding transfer issues. Due to budget cuts and change in Principal Investigators. one project. the
Space Qualifiable MRI, has been delayed to Summer 2002. ~As shown in Figure 13.1. the
Technology Development Team projects address research needs and risk reductions in nine of
the ten NSBRI basic research arecas. The research activities for each of the Technology
Development Team projects are listed in Table 13.1 and described below.

Project 1

Pl/Project Title: Harry K. Charles. Jr., Ph.D.
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Advanced Multiple Projection Dual Energy X-ray Absorptiometry
(AMPDXA) System

Need(s) Addressed: Provide accurate measurement of bone and muscle loss both in space and on
Earth. Measure the location of the bone loss and assess the integrity of the bone structure.

Countermeasures Target: Provide highly accurate bone mass loss and structural information so
that appropriate countermeasures can be developed, applied, and monitored.

Project Description: The purpose of the Advanced Multiple Projection Dual Energy X-ray
Absorptiometry (AMPDXA) Scanning System project is to design, build, and test a precision
scanning system for monitoring the deleterious effects of weightlessness on the human
musculoskeletal system during prolonged spaceflight. The instrument uses dual energy X-ray
absorptiometry (DXA) principles and is designed to measure bone mineral density (BMD),
decompose soft tissue into fat and muscle, and derive structural properties (cross-sections,
moments of inertia). Such data permits assessment of microgravity effects on bone and muscle
and the associated fracture risk upon returning to planetary gravity levels. Multiple projections,
coupled with axial translation, provide three-dimensional geometric properties suitable for
accurate structural analysis. This structural analysis. coupled with bone models and estimated
loads. defines the fracture risk. The scanner will be designed to minimize volume and mass (46
kg goal). while maintaining the required mechanical stability for high-precision measurement.
The AMPDXA will be able to detect 1% changes in bone mass and geometry and 5% changes n
muscle mass.

Two instruments (the Laboratory Test Bed (LTB) and a Clinical Test System (CTS)) have been
constructed to date. The LTB has been used to develop source and substrate parameters and to
test human bone segments. The CTS will allow human patient testing. The LTB has been fully
operational for the last three years. It has allowed the AMPDXA project to develop sources,
detectors. and softwarc algorithms necessary for the high-precision detection of BMD and bone
structure. In this current period. the LTB has allowed the refinement of our BMD and structure
extraction algorithms as well as continued progress on the high-resolution separation of soft
tissue from bone. Multiple-projection analysis enables the user 1o evaluate bone structural
properties (e.g.. bending strength) independent of subject position and orientation. Empirical
evaluations to date have demonstrated an average coefficient of variation in the maximum and
minimum moment of inertia of less than 3%. It is projected that further processing refinement
will reduce the error in a three-projection estimate to <1%: adding more projections will also
reduce the error.

The CTS is operational and initial human testing trials are about to begin. Initial results of the

CTS (using phantoms and cadaver parts) have shown even greater precision than the highly
accurate L. TB results.

227



Project 2

Pl/Project Title: Richard H. Maurer, Ph.D.
Neutron Spectrometer

Need(s) Addressed: Monitor the neutron radiation environment inside spacecraft. large space
habitats, and on planetary surfaces.

Countermeasure Target:  Provide highly accurate neutron radiation monitoring so that
appropriate countermeasures can be developed, applied, and monitored.

Project Description: A Neutron Energy Spectrometer is being developed to monitor the flight
radiation environment on the International Space Station (ISS). an interplanetary transport
vehicle, or on a planetary surface. Detector types were selected for the complete neutron energy
range and experimentally validated the concept for the low- and high-energy intervals. The
effectiveness of our charged particle discrimination system was demonstrated. Data analysis and
modeling efforts have verified the experimental results to date and the procedure for
deconvolving deposited energy spectra into incident neutron energy spectra. The engineering
prototype instrument was successfully flown on a NASA aircraft. demonstrating the robustness
and operational capability of our design. A balloon flight is planned that will yield scientifically
interesting data on the high-energy neutron environment. The balloon altitude was selected to
simulate the incoming or downward neutron environment of the surface of a planet like Mars.

Project 3

PI/Project Title:  Richard S. Potember. Ph.D.
Miniature Time-of-Flight Mass Spectrometer

Need(s) Addressed: Develop a miniaturized instrument that can quantitatively measure critical
biomarkers from breath, body fluids. products of infection. etc.

Countermeasure Targer: Provide a highly accurate measure of human biomarkers associated
with many of the deleterious effects and conditions caused by microgravity and prolonged
spaceflight so that appropriate countermeasures can be developed. applied. and monitored.

Project Description: ~ The long-term objective of the Miniature Time-of-Flight Mass
Spectrometer (TOFMS) project is to design. build, and launch a flight-qualified TOFMS for use
on space platforms such as the Shuttle. ISS, or a planetary mission. The TOFMS can identify
and quantitatively measure critical biomarkers associated with the deleterious effects of
microgravity and long-duration spaceflight. The biomarkers can be determined from the analysis
of breath. body fluids, products of infection. and. perhaps. DNA repair products and DNA
mutations. As currently configured. the system appears to be of particular value to both the Bone
and Muscle Teams. but biomarkers important to several other research teams can also be
obtained. The TOFMS system being developed is small (less than 1 cubic foot). lightweight (less
than 5 kg). low power (less than 50 W). and rugged. This NSBRI-sponsored TOFMS is building
upon technology developed for DARPA to analyze chemical and biological weapons. while
being optimized for astronaut use and the identification and quantification of biomarkers. To
date. the TOFMS has shown spectra of compounds ranging from under 100 to beyond 10.000
atomic mass units (amu). Sensitivities for such biomarkers in the parts per million to parts per
trillion range have been achieved.



Many of the biomarker identification procedures are complex, requiring special protocols and
associated laboratory equipment. To carry the equipment and chemical supplies required to
monitor the health of an astronaut would be weight prohibitive, would necessitate specialized
training, and would require a significant fraction of the astronaut’s time. The TOFMS provides a
small, efficient, broadband diagnostic instrument that can rapidly identify biomarkers important
for successful human space exploration.

Project 4

PI/Project Title:  Jay C. Buckey, Jr., M.D.
Improved Bubble Detection for Extra-Vehicular Activity

Need(s) Addressed: Careful monitoring and understanding of the bubble nucleation process
associated with decompression sickness is required to reduce astronaut risks associated with
extra-vehicular activity. ’

Countermeasure Target: Provide an understanding of blood bubble nucleation and growth so
that effective countermeasures can be developed, applied. and monitored.

Project Description:  The Improved Bubble Detection for Extra-Vehicular Activity (EVA)
project goal is to improve current bubble detection methods. The assembly of the ISS requires
extensive and unprecedented extra-vehicular activity. Because spacesuits operate at low internal
pressures, the astronauts are highly susceptible to decompression sickness (DCS) (gas bubbles in
the blood). A range of pre-breathe strategies. as well as suit gas mixtures and pressures, are
employed to mitigate the risk. During ISS construction, in-suit Doppler bubble monitoring will
be provided to detect conditions that increase DCS risk. Doppler bubble detection. while
effective. has three primary limitations: (1) it is motion sensitive: (2) it detects only moving
bubbles: and (3) it does not detect bubbles with diameters less than 80 ym.

The Improved Bubble Detection for EVA project will exploit two transcutaneous ultrasonic
bubble detection and sizing instruments under development by NASA. These instruments utilize
bubble resonance (not Doppler) techniques. thus allowing the instruments to measure stationary
bubbles as well as bubbles of smaller size. One instrument is optimized for intravascular bubble
detection in the size range of 30 to 200 um. The other monitors extravascular bubbles in the 1-
to 10-pm-size range. Both instruments in in-vitro trials have demonstrated bubble detection at
their lower range limits.

Project §

Pl/Project Title:  Yi-Xian Qin, Ph.D.
Scanning Confocal Acoustic Diagnostic (SCAD) System

Need(s) Addressed: Measurement of bone loss in space so that appropriate countermeasures can
be developed. applied. and monitored.

Countermeasure Target:  Provide measurement of bone material properties and relate 1o
countermeasure development and processing.



Program Description: The Scanning Confocal Acoustic Diagnostic (SCAD) System project is
focused on the measurement of bone loss is space. On Earth, early diagnosis and proper
treatment of progressive bone loss (and/or poor bone quality) can dramatically reduce the risk of
bone fracture. Ultrasound systems have the potential for determining the material properties of
bone in a safe, repeatable, and highly accurate manner. Limitations in the performance of current
ultrasound systems restrict their application to first-order screening, rather than the clinical
standard upon which osteoporotic diagnosis and treatment regimens are based.

The SCAD is usable not only for ground-based determination of bone’s physical properties: but.
because of its low weight and size, it is also suitable for monitoring subtle changes in bone
density and strength during extended spaceflight. The SCAD project is divided into four basic
parts: (1) development of the SCAD system hardware, (2) correlation of SCAD-determined
sound velocity and attenuation measurement with micro-CT bone BMD and structure, 3)
prediction of the risk of trabecular bone failure associated with osteoporosis in the animal model,
and (4) correlation of SCAD-derived BMD and structural modules with DXA measurements.

Project 6

P1l/Project Title:  Veljko Radeka, Ph.D.
Heavy Ion Microbeam and Micron Resolution Detector

Need(s) Addressed: The micron resolution detector. together with the microbeam, will allow the
localized position of an ion impact within a cell to be determined. This is an enabling technique
for radiobiology studies.

Countermeasure Targets: Understanding of the effects of radiation damage within the cell so
effective countermeasures can be developed.

Program Description: The Heavy lon Microbeam and Micron Resolution Detector System is
aimed at studying radiation effects at the cellular level. Using microbeam irradiation facilities. it
is now possible to place discrete numbers of particles in defined cellular and extracellular
locations. Such facilities permit heavy-ion radiobiologists to explore the impact of signal
transduction between cellular compartments as well as issues related to intercellular
communication at low limiting fluences where not all cells in a population have been traversed.
A high-energy, heavy-ion microbeam will allow an important unanswered question to be
addressed, i.e.. whether neurons that survive transversal by high-energy heavy ion (HZE)
particles develop changes as a late consequence of the damage they incurred. These low-fluence
studies will increase the understanding of the consequences of exposure to high, linear energy
transfer (LET) radiation, such as encountered in the space radiation environment. (See the NES
project above.) Currently, the microbeam detector has been designed and simulated.

The purpose of the Heavy lon Microbeam and Micron Resolution Detector project is to allow
such radiation studies as described above to take place by developing the following tools: (1) a
microbeam (diameter 10 pm) of heavy ions (e.g.. iron) at energies higher than existing 1on
microprobes (3 GeV/nucleon). and (2) an electronic position-sensitive detector for heavy ions
with a position resolution better than 1 gm. Interactions between the Heavy lon Microbeam and
Micron Resolution Detector project and the Radiation Team have taken place.
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Project 7

Pl/Project Title: Brian L. Davis, Ph.D.
Dynamic Exercise Countermeasure Device (DECD)

Need(s) Addressed: Demonstrate that proper in-flight exercise can counter the microgravity-
induced bone and muscle loss.

Countermeasure Target: Develop a direct countermeasure to bone and muscle loss in space.

Program Description: The Dynamic Exercise Countermeasures Device (DECD) is aimed at
developing a countermeasure to bone and muscle loss in space. Bone demineralization (bone
mass loss) is a well-documented physiologic effect of long-duration spaceflight and
microgravity. Animal experiments on Earth have clearly indicated that: (1) certain bone strains
and strain rates stimulate bone deposition. and (2) repetitive loading of the lower extremity can
increase osteonal bone formation even as proximally as the vertebral column. Such studies have
also indicated that a relatively small number of appropriate weight-loading cycles may be
sufficient to stimulate bone deposition. Based on prior research with weight-loading experiments
upon the foot, a dynamic exercise countermeasure device that utilizes jumping as the mode of
exercise for the astronauts is under development. The DECD project is divided into three phases:
(1) develop a lightweight, vibration-isolated exercise device, suitable for use on the ISS. that will
permit dynamic jumping exercise within microgravity: (2) perform system testing using zero-
gravity simulation; and (3) verify DECD efficacy in true microgravity through KC-135
experiments. Currently, a prototype device is in operation.

Project 8

Pl/Project Title:  1saac Bankman, Ph.D.

Space Qualifiable Magnetic Resonance Imaging (MRI) System
Need(s) Addressed: MRI needed in space for animal studies and peripheral (limb) measurements
on humans.

Countermeasure Target: Provide highly accurate bone and soft tissue measurements 1o verify
countermeasures in space-based animal studies.

Program Description: The goal of the Space Qualifiable Magnetic Resonance Imaging (MRI)
System is to develop a proof-of-concept engineering model of a space-qualified MRI system for
small animals and astronaut limbs with a mass of less than 130 kg and low average power
(<1 kW quiescent and <1.2 kW when scanning). An on-board processor or personal computer
can be adapted to display the collected information. MRIs provide high-resolution. high-quality
anatomical information without ionizing radiation. so they can be safely and repeatably used 10
track changes without deleterious effects.

As a result, the study of physiological alterations in space and the development. verification. and
maintenance of countermeasures will be significantly enhanced. Mice and small rat models are
useful surrogates to carry out in-orbit physiological studies. In-flight MR imaging of these
animals will be of particular benefit to countermeasure development by several of the NSBRI
research teams. Measurement of alterations in the limbs of the astronauts. especially the lower
limbs. will provide partial confirmation of countermeasure effectiveness and of the utility of
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Earth-based animal models. The MRI system is particularly amenable to the study of soft tissue
and bone. To date, magnet trade-off studies and initial system designs have taken place.

Evaluation of Program

The seven active NSBRI Technology Development Team projects are making significant
progress against their development goals. The three continuing projects have operating
instruments, while the relatively new projects are in various phases of instrumentation
development. For example, the two AMPDXA instruments (LTB and CTS) are operational and
the CTS is being readied for human trials. In addition, commercialization discussions are
underway to transfer the technology to industry. The neutron spectrometer is being readied for a
high altitude balloon flight after completing several successful aircraft flight tests. The TOFMS
has identified with high sensitivity several biomarkers associated with bone and muscle loss.
The heavy ion microbeam and detector system has been designed and the detector fabricated.
When completed. this resource will address several very current and significant issues in cellular
biology. The SCAD system is operational and is performing correlation studies between
measurements in the extremities and the weight-bearing bones. The bubble detection project has
developed prototype equipment that has detected microbubble formation at various nucleation
sites within the body. The DECD is in its second prototype design phase. Each of the projects
and prototype instruments is addressing the major goals of the Technology Development Team,
the NSBRI. and NASA by either developing research tools that facilitate the measurement and
analysis of critical parameters necessary for the research of the other NSBRI teams or creating
direct countermeasures to the risks encountered in long-duration spaceflight.

The Technology Development Team is constantly on the alert for technological developments
and advancements (Goal 1) that will have impact on both the NSBRI and space life science
research. For example, working closely with the Bone Team. the Technology Development
Team was able to identify two major impediments to the development of countermeasures for
bone demineralization: understanding of the bone mineral loss process and being able to monitor
the instantaneous conditions of the subjects” bones. The TOFMS (Project No. 3) has been
adapted to monitor the biomarkers for bone loss. While the TOFMS was developed under
DARPA funding for solids analysis. newly invented methods of sample preparation and fixing
techniques has allowed its applicability to biological specimen analysis. Historically. space-
based monitoring of such biomarkers has typically relied on collection of specimens (urine.
blood, etc.) and then storage of the specimens until Earthly return. Specimen analysis may. under
good conditions, be completed many months after completion of the mission, but certainly does
not afford the ability to provide closed-loop monitoring and control of countermeasures ( Goal 2).

The AMPDXA project (No. 1) and the SCAD project (No. 5) specifically address the monitoring
issue. Both these projects have completed engineering model instrumentation developments
(Goal 2) and have demonstrated the ability to provide quantitative information that is critical to
the current and future research of the Bone Team. These devices have been designed to be
directly adaptable for in-space use. Size. weight. and power are currently. or soon will be.
appropriate for routine launch and regular use on-orbit or in missions beyond Earth. Using
advanced automation techniques (Goal 1). these devices and their associated analysis methods
can be operated by individuals with very little training. Thus. the devices have broad utility in
both space- and Earth-based applications.

The bone demineralization conditions that astronauts experience in space are similar to those that
exist in clinical populations (e.g.. age-related osteoporosis. quadriplegic. etc.) on Earth. Thus.
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the research supported by the AMPDXA, SCAN, and TOFMS is expected to have a direct
positive influence on health care delivery on Earth (Goal 3). In addition, the technology itself
has demonstrated better performance than commercially available devices. In particular,
commercialization (Goal 4) of a clinical version of the AMPDXA is being pursued that has great
potential to improve screening and treatment for age-related osteoporosis.

Muscle alteration research faces the same challenges of loss mechanism determination and
monitoring as noted above for bone. Both the AMPDXA and TOFMS provide the same
capabilities (i.e., monitoring and biomarker determination, respectively) in support of risk
reduction for muscle as they do for bone. Advanced AMPDXA muscle algorithms (Goal 1),
coupled with a radical new x-ray source (Goal 1), offer a promise of similar precision
measurements of muscle as has been demonstrated for bone. The DECD (Project No. 7) offers
the potential to directly countermeasure muscle loss in space (Goal 2).

Exposure to radiation in space is a threat that can lead to an increased risk of cancer and DNA
damage. A significant portion of the exposure, between 30-60%. results from neutron sources
that are extremely difficult to monitor, let alone characterize, in real-time. The absence of a
portable, quantitative, real-time neutron spectrometer results in an exposure safety risk for
astronauts (Goal 1). The Neuron Energy Spectrometer Project (No. 2) is developing a
spectrometer (Goal 2) that can supply information on the neutron environment to the Radiation
Effects Team in support of assessing radiation damage and cancer risk. The prototype of this
unit is operational and has just completed several flight tests in F15 aircraft. The lon Microbeam
Project (No. 6) will address radiation damage at the cellular level.

Orthostatic intolerance can result in syncope when an individual is subjected to gravitational
influence after exposure to microgravity. This situation can pose severe risks to astronauts who
have to execute unassisted emergency procedures or extraterrestrial landings. The need to
predict, prevent, or control orthostatic intolerance and its effects is significant to the space
program. Both the TOFMS and the MRI project (No. 8) have the ability to provide near real-
time monitoring of parameters related to orthostatic intolerance. The TOFMS can detect various
heart-related biomarkers and the MRI will be able to monitor soft tissue. including vein and
artery blood volumes and fluid shifts. in animals and potentially on the extremities of the
astronauts. Previously in the first research cycle. the Technology Development Team created the
cardiovascular systems identification (CSI) instrumentation (Goal 2). The CSI 1s a self-
contained, automated device for measuring and characterizing alterations in cardiovascular
regulation. The CSI is being commercialized and transfer to industry is underway (Goal 4) for
use in Earth-bound clinical settings (Goal 3).

To identify and appropriately fund these pipeline projects requires constant interaction between
the NSBRI research teams and the Technology Development Team. To promote this integration.
which satisfies much of Goal 5, the Technology Development Team established the Technology
Working Group (TWG) as a formal mechanism for this liaison. Meetings of the TWG will be
conducted more frequently with expanded participation from academia. industry. and
government. In addition, Technology Development Team participation in the annual retreats of
the other teams will also foster cooperation and the synergism necessary to identify the technical
requirements (Goal 1). Such input from NSBRI research teams. coupled with strong industrial
and academic input. will allow the Technology Development Team to develop calls for research
that address technological solutions for the risk factors associated with long-duration spaceflight
that are in concert with the established rescarch goals of the other NSBRI teams. Part of the
strategic growth plan for the Technology Development Team will be the ability to direct key
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technology development efforts in addition to or in conjunction with the projects received in
response to the research announcements. Such responses may leave gaps in the envisioned
technology development requirements. A recent meeting of the TWG identified over thirty
instruments or technology development needs of the space research community that are not
currently being addressed by the NSBRI Technology Development Program. These gaps offer
opportunities to foster important research that could accelerate the overall space effort. Support
sources for such selected top-down driven research will have to be developed.

The Technology Development Team also envisions itself as a bridge between the other NSBRI
research teams and the extensive resources for technology development that exist within the
participating institutions as well as in academia and industry. Bridging activities will include
information exchanges on technology, contacts for development efforts, etc. Integration
activities, as mentioned above, are described in Table 13.2. Table 13.3 presents the phases of
technology development and insertion for the current Technology Development Team projects.

13.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Summarized below are the objectives underlying each goal and the strategic activities that the
Technology Development Team plans to use to achieve the goals and objectives of its program.

Goal 1: Identify new technological advancements and developments that can have a major
impuct on space biomedical research and astronaut health.

Objective 1A: Technology assessment to determine most applicable developments:

e Increase the Team's interdisciplinary membership. both in the skill base of its members
and the diversity of participating institutions.

e Have team members attend conferences. meetings. and other forums where advanced
technology and its applications are discussed.

e Participate in NASA space life sciences programs. conferences. and forums on the issues
associated with long-duration human spaceflight.

e Establish ties with non-NSBRI institutions that have technology ideas and resources
necessary for solving the issues surrounding human spacetlight.

Objective 1B: Risk assessment to determine the most urgent needs:
e Continue interactions with NASA and the other NSBRI research teams.
e Conduct more frequent TWG meetings with expanded participation from academia.
industry, and government.
e Participate in the annual retreats of other NSBRI research teams.

Goal 2: Contribute to risk reduction in cach critical path roadmap priority area by developing
new medical instruments and devices for both ground- and space-based research and
countermeasure development.

Obijective 2A: Current monitoring and capability development activities:
e Complete projects developing instrumentation to monitor bone and muscle loss
(AMPDXA. SCAD. and MRI projects).
e Demonstrate that precision measurement of bone loss and structure will shed light on the
bone loss mechanisms in space.
¢ Complete neutron radiation monitoring instrument.
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e Complete development of heavy ion microbeam to facilitate cellular level radiation
damage research.

e Complete TOFMS and demonstrate its ability to monitor biomarkers for major human
risk factors.

e Verify the origin of the bubbles present in decompression sickness and develop effective
measurement equipment.

Objective 2B: Current countermeasure development activities:
e Complete development of dynamic countermeasures device and verify the exercise and
jumping loads will inhibit bone and muscle loss in space.
e Expand program to include more projects that directly develop countermeasures.

Goal 3: Exploit the developments and advances made by Technology Development Team
projects to improve the quality of life and health care delivery on Earth.

Objective 3A: Technology readiness:
e Publish results of instrument development and experimental results.
e Work with medical researchers to demonstrate the utility and versatility of the
instrumentation development.
e Develop funding mechanisms to allow prototype-developed instruments to be placed in
appropriate clinical settings.

Objective 3B: Technology market penetration:

e Develop presentations and marketing material (literature) that not only touts the progress
on current projects, but also makes the entire NSBRI team aware of the technological
resources available at participating institutions.

e Expand Technology Development Program to include all ten NSBRI research areas with
better balance between the areas. Currently. nine of these areas have overlap with the
technology projects. but the technology projects are heavily focused in a few areas.

Goal 4: Promote the transfer of NSBRI-developed technological advances to industry for the
benefit of Earth-based medical care.

Objective 4A: Establish ties with industry:
e Work closely with members of the NSBRI Industry Forum on the performance and
capabilities of the developed instruments.
e Serve as a resource to bring NASA’'s needs and industry’s capabilities together in the
solution to health risks associated with long-term spaceflight.

Objective 4B: Facilitate technology transfer:
e Develop sources of funding to help in the investigator’s technology transfer process.
e Make instrument developers aware of opportunities for direct funding from NASA and
other sources once projects have reached a certain level of maturity.
e Provide information on how to pursue technology transfer (licensing. start-up company.
etc.).
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Goal 5: Integrate technology development needs across other NSBRI teams, medical science
community, and NASA through service and communication to become recognized as an
important service arm that helps these researchers develop needed tools and instrumentation.

Objective 5A: Develop support to other teams:

e Develop calls for research that address technological solutions for the risk factors
associated with long-duration spaceflight that are in concert with the established research
goals of other teams.

e Identify gaps left in the NSBRI's technology development requirements from the
proposal responses.

e Develop support resources for filling these gaps to effectively foster and accelerate the
overall goals of the other teams.

Objective SB: Technology awareness:

e Facilitate information exchanges and provide technology information to the other teams.

e Serve as resource to help facilitate technology liaison with industry, academia, or .
government laboratories. .

13.6 SUMMARY

The objective of the Technology Development Program of the National Space Biomedical
Research Institute is to develop devices, instrument systems. and associated algorithms and
software that lead to a better understanding of the barriers to long-duration space exploration and
assist in the development of countermeasures to assure safe and productive space missions. The
primary focus of the Technology Development Program is directed towards those technologies
that support the ground-based and space-based activities of the other NSBRI research teams. The
unique feature of this program is the opportunity to bring an integrated system engineering
perspective to bear on the technological developments necessary to support basic research.
Multidisciplinary development teams have been established to work on strategically focused
projects that integrate individuals and institutions with vastly different capabilities into a
cohesive team.

ldentification of the technology development research needs of the NSBRI teams and space life
sciences community in general is made through vigilant review of current technology
development advances that may impact or advance NSBRI research: monitoring of the Critical
Path Roadmap; and creating forums for discussion and communication on technological needs
with NSBRI teams, NASA, industry, and academia.

In the next 3- to 5-year time span, the Technology Development Team should be able to point to
many successes from its current program. Indications are that several of its projects are reaching
high enough technology readiness levels that sources of funding other than the NSBRI should be
available to carry these developments into space. or be widely available to support Earth-based
research and. in some cases. to be part of the medical health care delivery system. While these
successes are extremely important. it is also just as important to keep the pipeline filled with
high-quality, on-going development efforts that address the technology needs of the other NSBRI
research teams and support the overall requirements of the NASA Space Life Science Program.
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Summary Diagrams

Table 13.1 summarizes the Technology Development Team’s project research activities and
phases of development.

Table 13.2 summarizes the Technology Development Team’s project integration activities.

Table 13.3 summarizes the phases in technology development and insertion for the current
Technology Development Team projects.



National Space Biomedical Research Institute
TECHNOLOGY DEVELOPMENT TEAM

Table 13.1. Technology Development Program — Project Research Activities

. . Experimental Phase I Phase 2 Phase 3
Pl/Project Risk(s) Addressed | Countermeasures Target Systems ) @) 3)
Charles’AMPDXA ¢ Bone loss ¢ Not applicable o X-ray o Laboratory test | e Clinical test unit e Protoflight
¢ Muscle loss ¢ Allows countermeasure bed e Human Testing Design
effectivity measurement
Maurer’'NES e Radiation ¢ Not applicable ¢ Radiation ¢ Accelerator e Aircraft &
e Cancer s Measures environment detectors measurements balloon flights
Potember TOFMS ¢ Broad « Not applicable * Mass o Understand e Detect biomarkers | o Hardware
applicability e Analysis tool spectrometry biomarkers ¢ Protoflight
» Bone loss ¢ General purpose

Buckey/Bubble
Detection

¢ Crew health
¢ Decompression
sickness

¢ Not applicable
¢ Measurement tool

¢ Ultrasonic
detection

¢ Bubble
detection
measurements

Qin'SCAD

¢ Bone loss

¢ Not applicable
¢ Measurement tool

s Ultrasound

e Ultrasound
e Propagation
studies

o Clinical test unit

Davis'DEDC

* Muscle loss
¢ Bone loss

Jumping
Exercise training

e Mechanical
exercise system

e Bone stress-
strain studies

e Exercise machine

« KC-135 flights

Radeka Microbeam’

o Radiation

o Investigative tool

e Neufron source

Detector ¢ Cellular damage e Radiation

detectors

Bankman/Space MRI ¢ Muscle loss » Not applicable *Magnetic
¢ Bone loss ¢ Measurement tool resonance

(1) Equipment Development Mechanistic Studies

(2) Equipment Operational Proof-of-Concept
(3) Protoflight Instrument Countermeasure




Table 13.2.

National Space Biomedical Research Institute
TECHNOLOGY DEVELOPMENT TEAM

Technology Development Program — Integration Activities

Charles Buckey Radeka | Bankma

Activity Maurer | Potember Qin Davis Microbea n
AM:DX NES | TOFMS Di:'ebc't’i'gn SCAD DEDC m Space
Detector MRI
Internal e Telecon | e Telecon{ e Telecon | e Telecon | e Telecon | e Telecon | o Telecon | e Teleco
Communicati ) e Retreats s S S S S ns
on s Retreats | o Team e Retreats | ® Retreats | o Retreats | o Retreats |  Retreats | o Retreat
e Team meeting e Team e Team e Team e Team e Team 5
meetin meeting meeting meeting meeting meeting | o Team
g meetin

NSBRI
Teams

£
e Retreat e Retreat | » Retreat e Retreat e Retreat o Retreat e Retreat :
e Workin | » Workind e Workin | e« Workin | » Workin Workin | ¢ Working

g groups g 2 g g groups groups
groups | o Individy  groups groups groups | e Individu { ® Individu
e Individu al e Individu | » Individu | e Individu al al
al al al al

Information

eReports | # Reports| e Reports | e Reports | e Reports Reports | e Reports

Sharing * Papers e Papers | e Papers » Papers e Papers e Papers e Papers
ePatents | o Patents | o Patents | e Patents | e Patents | e Patents | e Patents ﬂ
Synergistic |  With e With | e With o With e With o With o With
Studies/ SCAD Radiati¢ Bone, Crew AMPD Human Radiatio :
Opportunities | e With n Muscle Health XA Fitness n
Bone e With & e With s With ® With
Microbd Cardiol SCAD Bone NES
am ogy

Program about to start.
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National Space Biomedical Research Institute

TECHNOLOGY DEVELOPMENT TEAM

Table 13.3. Technology Development and Insertion

Technology Development Phases

Pre
2001

2001 | 2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

Phase 0:

Need Identification

AMPDXA (Advanced DXA)
Neutron Spectrometer

Time of Flight Mass Spectrometer
SCAD (Ultrasound)
Microbeam/Detector

Bubble Detection

DECD (Exercise Countermeasure)
Space MRI

—

Phase 1:

Preliminary Instrument/Experiment Design

AMPDXA (Advanced DXA)
Neutron Spectrometer

Time of Flight Mass Spectrometer
SCAD (Ultrasound)
Microbeam/Detector

Bubble Detection

DECD (Exercise Countermeasure)
Space MRI

m—

Phase 2:

Prototype Instrument/Preliminary Tests

AMPDXA (Advanced DXA)
Neutron Spectrometer

Time of Flight Mass Spectrometer
SCAD (Ultrasound)
Microbeam/Detector

Bubble Detection

DECD (Exercise Countermeasure)
Space MRI




National Space Biomedical Research Institute
TECHNOLOGY DEVELOPMENT TEAM

Table 13.3. Technology Development and Insertion (continued)

Technology Development Phases

Pre
2001

2001

2002 | 2003 | 2004 | 2005

2006

2007

2008

2009

2010

2011

2012

Phase 3: Proof of Concept Experiments/Testing

AMPDXA (Advanced DXA)
Neutron Spectrometer

Time of Flight Mass Spectrometer
SCAD (Ultrasound)
Microbeam/Detector

Bubble Detection

DECD (Exercise Countermeasure)
Space MRI

—

Phase 4: Engineering for Flight or Widespread

Use

AMPDXA (Advanced DXA)
Neutron Spectrometer

Time of Flight Mass Spectrometer
SCAD (Ultrasound)
Microbeam/Detector

Bubble Detection

DECD (Exercise Countermeasure)
Space MRI

Phase 5: Technologv Transfer/Insertion

AMPDXA (Advanced DXA)
Neutron Spectrometer

Time of Flight Mass Spectrometer
SCAD (Ultrasound)
Microbeam/Detector

Bubble Detection

DECD (Exercise Countermeasure)
Space MRI

241




Appendix B



140 EDUCATION AND PUBLIC OUTREACH

Team Leader: Marlene MacLeish, Ed.D.
Professor, Medical Education
Morehouse School of Medicine
720 Westview Drive, SW
Atlanta, GA 30310-1495
404-756-5706
404-752-1043 FAX
macleim{@link.msm.edu

14.1 INTRODUCTION

NASA’s space program has enjoyed extraordinary success over the past 40 years. Program
accomplishments and discoveries have broadened our understanding of the solar system and
universe, as well as life on Earth. The space program has helped to advance human civilization
by advancing fields as diverse as telecommunications. navigation systems and lightweight
construction materials and medicine. With the establishment of the National Space Biomedical
Research Institute (NSBRI) in 1997, NASA expanded its goal. to enhance health and healthcare
delivery on Earth through research that will allow humans to engage safely in long-term space
exploration beyond Earth orbit.

NSBRI discoveries and research are beginning to produce countermeasures to the harmful effects
of microgravity and space radiation. Simultaneously. NSBRI will bring discoveries and products
of clinical benefit to mankind on Earth. enhancing treatments for health issues such as muscle
wasting, osteoporosis, shift-related sleep disorders and radiation-related conditions. The Institute
also is researching ways to deliver improved medical care on space missions with new
technologies and remote-treatment advances.

The mission of the NSBRI Education and Public Outrcach Team is to communicate the
significance and excitement of space life sciences to local. national and international audiences.
while transferring and disseminating knowledge gained via the biomedical advances achieved by
NSBRI Research Teams. This mission is being accomplished through an integrated array of
programs focusing on students and educators at all grade levels. as well as the general public.

NSBRI Education and Outreach Team members include some of the nation’s most prestigious
research institutions, all leaders in educational outreach programming: Baylor College of
Medicine (BCM), Massachusetts Institute of Technology (MIT). Morehouse School of Medicine
(MSM), Mount Sinai School of Medicine (MSSM). Rice University (RU), Texas A&M
University (TAMU), University of Texas-Medical Branch (UTMB) and University of
Washington (UW).

14.2 NEED

Each decade brings new challenges and participants who work to advance the mission of
NASA's space program. Unfortunately. the initial stunning success of the space program may
have fostered the impression that space travel has few associated risks. These perceptions are not
accurate and must be addressed to assure public support.



The NSBRI Education and Public Outreach Team strives to promote understanding of and
support for both NASA's and NSBRI’s activities by working across the educational continuum to
share the new discoveries resulting from NSBRI-led research. Through teacher professional
development, innovative curricular materials and university courses, and use of various media,
Team members are strengthening NASA’s connection to the public. In addition, NSBRI's
Education and Public Outreach is addressing NASA Administrator Sean O’Keefe’s strong
commitment to motivating young people to pursue careers in science, technology and
engineering through the excitement of space exploration.

143 GOALS

The Education and Public Outreach Team develops and implements activities that address five
major programmatic goals, developed jointly by Team partners, in coordination with the NSBRI
leadership, to assure that Team projects address overarching NSBRI objectives.

Goal 1: Design and conduct a variety of teacher professional development programs to help
teachers understand space life sciences and change their practices and behaviors to
improve the learning experiences they provide students.

Goal 2: Develop curricular materials that span the educational continuum; are aligned with
national science standards: provide accurate, balanced, effective and inquiry-based
instruction; and expand students " understanding of on-going NSBRI research.

Goal 3: Increase science literacy and public awareness of the real-life impacts of NSBRI
research through media. informal science activities, direct mailings and magazine
stories.

Goal 4: Promote educational access and career awareness in space life science fields among
high school and undergraduate students as well as high school teachers.

Goal 5: Integrate NSBRI-focused teacher professional development. curricular materials,
scientific literacy initiatives, and educational and career access activities among all
Education and Public Outreach Teams. other NSBRI Teams and public venues.

144 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The Educational and Public Outreach Team is comprised of experienced educators and scientists
from some of the most noted research institutions in the nation. It is establishing NSBRI as a
leading resource for teacher professional development programs and quality science education
materials that bring the excitement and importance of NSBRI space life science research into the
nation’s classrooms and homes. Hundreds of teachers and thousands of students are benefiting
from programs and activities conducted by the Education and Public Outreach Team. The public
is being reached through media programs and national magazine articles.

NSBRI Education and Public Outreach Team members are expanding the scope of their projects
by partnering with local and national organizations. Team partners include: public schools and
school districts in 24 states, Atlanta Public Television and Radio. Emory University. Fernbank
Science Center Museum, Excellence in Education. Harvard Medical School, Houston Public
Television. Houston Independent School District. Johnson Space Center. New York Public
Schools. New York Hall of Science. North Forest (TX) Independent School District. Space
Center Houston. Spelman College. Texas Alliance for Science. Mathematics and Technology.
Texas Rural Systemic Initiative. the Texas Statewide Systemic Initiative and the Washington
NASA Space Grant.



The Education and Public Outreach Team continues to conduct activities that address the five
program goals. The wide range of Team projects are designed to address the ultimate mission of
communicating the significance and excitement of space life sciences to a variety of audiences,
while transferring and disseminating knowledge gained via the biomedical advances achieved by

NSBRI Research Teams. Table 14.1 (below) delineates which primary activities of each

TABLE 14.1. CURRENT NSBRI EDUCATION AND OUTREACH PROJECTS

PI/PROJECT

GOAL ADDRESSED

Teacher Professional
Development

Curriculum Development

Science Literacy/Public
Awareness

Career Awareness and
Access

William A. Thomson, PhD
From Quter Space to Inner
Space: Sharing NSBRI
Progress with the
Community

Summer and School Year

Teacher Professional
Development at Conferences
and Meetings

Elementary/Middle School
Curriculum Materials

Educational Television and
News Stories;
Space Center Houston

Television Stories;
Space Center Houston

Dava J. Newman, PhD
Space Biomedical Sciences
and Engineering Curr. and

Qutreach Project

Undergraduate and Graduate;
Courses. K-12 materials

Modular "Knowledge
Station” (Interactive Exhibit

Modular "Knowledge
Station" (Interactive
Exhibit)

Marlene Macleish, EdD
Secondary and College
Education for the Next

Generaton of Space Life

Sclentists

Year-long Residency
Program for Secondary
School Teachers. Problem-
Based Teacher Field
Test Program

Undergraduate Courses:
Secondary School
Curniculum

NSBRI-Film Archive

NSBRI-Film Archive:
Undergraduate Summer
Research Program

Patrick J Gannon, PhD
Defing Graviry: Enduring
Life In Space

Science Teacher Teaming
‘Teacher Workshops:
Summer Program

9th Grade Curnculum

Museum Exhibuts:
Newsletters. Websites

Museum Exhibats:
Newsletters. Websites

Roland B. Smith. EdD
Outreach Program for the

Students and Teachers on
Studies Related 1o

Bromedwine in Quier Space

Professional Developmeni of) Year-long Program for 20

Secondary School Teachers

Teacher-Developed
Secondan Curnculum
Unns

Museum Exhibits,
Websites

Summer Research
Expenences for High School
Students

Robert James, PhD
Teacher Academy: Progect

Master NSBRI Teacher/
Teacher Workshops

Middle School Onlkine
Curniculum Progects

Texas Legislative
Conferences

Annual Youth Symposia for
Middie and High School
Students

Deborsh L. lliman, PhD
Northwest Qutreach
Program on Space
Biomedical Research

NSBRI Magazine Stones.
Science Communication
Workshops, Wnter-in-

Restdence Program

NSBRI! Magazine Stones--
Middie Schoot “SciScape”
Inserts-- (Some expencnces

for high school students)

Education and Public Outreach Team partner institution/project satisfy which goals. Goal 5,
Integration, does not appear in this Table. as integration is not so much a separate aim as an
overarching characteristic that applies to all Education and Public Outreach Team objectives.

Program Description
Following is a brief description of each Education and Public Qutreach Team partner

institution/project and its activities. It expands upon Table 14.1 and explains the general
activities used to address the team’s goals.

Baylor College of Medicine (BCM)y—From Quter Space to_Inner Space: Sharing NSBRI
Progress with the Community. BCM. Space Center Houston. Houston Public Television and the
Houston Independent School District are collaborating to convey the excitement and promise of
NSBRI space life sciences rescarch to students. teachers and the general public through
coordinated formal and informal educational opportunities that will be embedded within local
and state science education reform programs.
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This partnership engages scientists and educators in the production, evaluation and dissemination
of a planned series of elementary and middle school curriculum materials based on NSBRI
research themes. It also produces bimonthly, nationally distributed radio stories on NSBRI
research areas. The partnership reaches thousands of students, teachers and members of the
general public each year. It also generates public awareness and appreciation of the benefits of
NSBRI research. Project activities are aimed at middle school (grades 5-8), which has been
identified as a particularly weak link in the K-12 science/mathematics education continuum.

Measurable project objectives are: (1) collaboratively create, evaluate and disseminate three
interdisciplinary teaching units (one per year) on NSBRI research themes for middle school
students; (2) improve teacher practice and content knowledge through multiple professional
development opportunities conducted in formal and informal educational settings; (3) develop an
online workshop resource for NSBRI scientists to use for outreach to teachers, students and the
community-at-large; and (4) create and implement cost-effective models for communicating
NSBRI research to local and national populations through television and radio short-format news
and newsmagazine stories.

Massachusetts Institute of Technology (MITy—Space Biomedical Sciences and Engineering
Curriculum and Qutreach Project. MIT is developing curricular materials to educate a
generation of scholars in space life sciences by transferring NSBRI space life sciences research
into undergraduate courses and to younger students and the public. One graduate course has been
developed and is being piloted at MIT: Sensori-Neural Systems: From the Vestibular Periphery
1o Motor Responses, Perception and Adaptation. Five course faculty are affiliated with other
NSBRI research projects. One undergraduate course also will be developed: Space Biomedical
Engineering and Life Support Systems. Its modular materials will cover eight of twelve NSBRI
research areas and will be designed for adoption among NSBRI consortium institutions.

K-12 modular labs and activities will be developed for teachers to insert in established anatomy
and physiology classes. These labs emphasize space biomedicine and engineering skills. The
integration of these modules focuses on an end-term student designed project of an exercise
machine that will counter the physiological effects of long-term space flight: “Spacercise™. For
the public. MIT will design a knowledge station that allows learners to interact with curricular
materials via state-of-the-art information technology and a physical platform designed
specifically to facilitate human interaction and learning.

Intended outcomes are to: (1) provide multi-level space life sciences curriculum: (2) excite and
educate the public about the wonders of science. engineering and medicine by disseminating
knowledge gained through NSBRI research: and (3) develop a set of innovative pedagogical
strategies that represent the application of tested learning principles as a basis for comprehensive
educational evaluation tools. In addition. the project will develop multimedia tools that are
particularly suited to active learning accessible through the Internet. The evaluation plan will
assess learning and knowledge transfer of curriculum that makes use of these technological
advances as well as assessment of the new student (or 'learner’) population.

Morehouse School of Medicine (MSM)—Secondary _and College Education for the Next
Generation of Space Life Scientists. The MSM program is multi-faceted. The MSM-Fernbank
Museum Space Station Teacher Institute admits two science teachers into a yearlong residency at
MSM to develop. test and disseminate secondary problem-based curriculum supplements.
Teachers work with scientists and physicians to develop problem-based field test capabilities and
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to write a cardiovascular case, Bobby's Beat. They attend the Texas A&M Teacher Academy to
learn this method and develop leadership skills.

The MSM-Georgia Institute of Technology SECME Program delivers a teacher professional
development module on the Human Body in Space at the annual SECME national meeting, and
also sponsor a noted space scientist lecture to address the estimated one thousand attendees. The
Summer Research Program enrolls four undergraduate students, selected from a national
applicant pool, to engage in a research-intensive internship at MSM. One MSM medical student
is sponsored to undertake clinical research in the Harvard Medical School Sleep and Circadian
laboratory headed by an NSBRI scientist. A longitudinal database is maintained to measure the
outcome of the program.

The NSBRI Film Archive contains more than 150 hours of video relating to NASA's Neurolab
mission, NSBRI team science. and the Human Body in Space course. This one-of-a-kind
repository will be used to develop interactive Internet accompaniments to the proposed textbook
and the problem-based cases written by the teacher fellows. It also will support the outreach and
pubic affairs of the entire NSBRI enterprise. An electronic, undergraduate curriculum on the
human body and weightlessness will use a multidisciplinary perspective to support national
undergraduate, science education standards and space life sciences at the college level.

Mount Sinai School of Medicine (MSSM)—Defving Gravity: Enduring Life in Space. MSSM is
developing a 9th grade, space-based science and mathematics curriculum that links human health
in Earth's gravity and in space's microgravity. It explores scientific knowledge essential to
formulate countermeasures; provides working models of scientific and mathematical principles;
and includes hands-on laboratory sessions with group discussion to demonstrate current
paradigms and unifying principles that relate research to space biomedicine and hypothesis
testing. The curriculum integrates mathematical principles to concepts in the biological and
physical sciences and technology. and to data collection. organization. analysis and graph design.

Defving Gravity is being developed by educators from MSSM Teacher's Summer Institute 2001:
A Space Research Odyssey. It will be field tested at the New York City Life Sciences Secondary
School, among an underrepresented and academically challenged student population. Products
derived will include: a hard copy of the curriculum: an interactive Internet version of the stand-
alone curriculum with downloadable text. images and digital video/audio sessions: a live scientist
discussion room; teacher's lounge email FAQ and questions; interactive CD ROMs of selected
curricular components; a High School Teaching for Biomedical Scientists handbook: a hands-on
exhibit at the New York Hall of Science; and National multi-media outreach and dissemination
via MSSM and NSBRI/Public Broadcasting Services (PBS) television channels.

Rice University/University of Texas Medical Branch (RU/UTMBY—Qutreach Program for the
Professional Development of Students and Teachers on Studies Related to Biomedicine in Quier
Space. This collaboration attracts young people to space-related enrichment programs. promotes
excellence and innovation in America's science education system. and enhances the scientific
background of teachers, students, their families and the community as a whole. It consists of the
Academic Development of High School Students (Summer Student Research Program) and the
Teacher Institute for the Advancement of Space Science Education (Teacher Professional
Development Institute).

Students and teachers are partnered with ongoing space biomedicine research projects conducted
at Rice and UTMB. The Teacher Institute selects 16 secondary school teachers in a yearlong
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program to enhance their knowledge of space biomedicine through interactive discussions with
researchers; a one-day, hands-on research experience; and special tours of NASA Johnson Space
Center and Space Center Houston. Teachers use their knowledge to design a space biomedicine
mini-module/unit plan to be taught in class and refined for publication on the Rice, UTMB and
NSBRI educational resources web sites. The Student Research component enrolls 12 high school
summer students to conduct research projects in Rice and UTMB science labs, participate in a
field trips, and meet researchers engaged in a wide variety of space biomedicine research.

Texas A&M University (TAMU)—Teacher Academy Project. The NSBRI Teacher Academy
Project (NSBRI TAP) prepares Master Teachers to assist their peers in infusing cutting-edge,
space-based science activities into middle school. The specific objectives are to: (1) establish a
national cadre of 90 middle level science teachers and prepare them to provide staff development
that will reach 1.800 middle level science teachers; (2) identify and provide access to extant
teaching resources for middle level science educators; and (3) develop supportive partnerships to
access and utilize the resources and skills of key organizations, and work collaboratively with
other NSBRI member institutions to improve the quality of middle level science in the
classrooms of teachers who participate in NSBRI activities.

NSBRI TAP will select a cadre of master teachers to help develop a summer institute. These
teachers will utilize recent NSBRI scientific discoveries to create curricular supplements, attend a
leadership and staff development training module. and engage in follow-up activities and
conferences to obtain certification as master teachers and Fellows of the Academy. Academy
Fellows will form a national professional development staff that trains all middle level science
teachers to implement space-based science. It is anticipated that extensive collaborations with
other Education and Qutreach teams will occur with respect to resource sharing and support with
the identification of master teachers. TAP also will produce a national cadre of 90 master
teachers who are successful in helping at least 1,800 of their peer space science teachers to
implement space-based science in their classrooms. Both qualitative and quantitative data will be
collected. with on-going analysis of the data shared with the Director.

The University of Washington (UW)—Northwest Quireach Program on_Space Biomedicine
Research. The UW program leverages an existing communication/education program. Northwest
Science & Technology. at UW to: (1) transter/disseminate space biomedical knowledge to homes
and classrooms throughout the Northwest; (2) increase literacy about science in general. and
about space biomedical research and terrestrial applications in particular. among the general
public, teachers and students: (3) prepare scientists and future reporters and public information
officers to communicate more effectively about science and space biomedicine issues to general
audiences; and (4) attract young people to careers in NSBRI space biomedical research.

The program will develop and disseminate articles on space biomedical research via Northwest
Science & Technology (NWS&T) magazine, a new regional science publication with a circulation
of almost 30,000 in the Pacific Northwest region and beyond. Student writers will write. adapt
and disseminate special materials on space biomedical research for middle school students and
their parents and teachers via an insert in NWS&T. In addition. the UW program will deliver a
series of three summer science writing workshops for NSBRI consortium members.

The Education and Public Outreach Team institutions enjoy a significant amount of synergistic
interaction with each other and with other NSBRI Research Teams. Such interactions. which
work towards achieving Goal 5. integration. are delineated in Table 14.2. Goal 5. itself. does not



appear in this Table, as integration is not so much a separate aim as an overarching characteristic

that applies to all Education and Public Outreach Team objectives.

NSBRI Research Area/Education and Public Outreach Goals

Table 14.2. Integration Activities by

EDUCATION AND PUBLIC OUTREACH GOALS

NSBRI Teacher Professional Curriculum Science Career
RESEARCH Development Development Literacy/Public Awareness and
AREAS Awareness Access
BCM, TAMU, RU/UTMB BCM, MIT, MSSM BCM, MIT. MSM. MIT, MSM,
Bone Loss MSSM, RU/UTMB. RU/UTMB, UW.
TAMU, UW TAMU
Cardiovascular TAMU MIT. MSM BCM, MIT, MSM, MIT, MSM,
Alterations MSSM, RU/UTMB, RU/UTMB. UW.
TAMU, UW TAMU
Human Performance BCM, TAMU BCM, MSSM BCM, MIT. MSM. MIT, MSM.
Factors, Sleep and MSSM., RU/UTMB, RU/UTMB. UW
Chronobiology TAMU, UW
Immunology, Infection RU/UTMB MSSM BCM. MIT, MSM, MIT. MSM,
and Hematology MSSM, RUAUTMB, RU/UTMB. UW
TAMU, UW
MIT BCM, MIT. MSM. MIT. MSM.

Integrated Human

MSSM. RU/UTMB.

RU/UTMB. UW

Function
TAMU. UW
Muscle Alterations BCM. TAMU. RU/UTMB BCM. MIT. MSM BCM. MIT. MSM. MIT. MSM.
! And Atrophy RUAUTMB MSSM. RU/UTMB. RU/UTMB, UW.
' TAMU, UW TAMU
Neurobehavioral and TAMU. RU/UTMB MIT. MSSM BCM. MIT. MSM. MIT. MSM.
Psychosocial Factors RU/UTMB MSSM. RU/UTMB. RU/UTMB. UW
TAMU. UW
Neurobehavioral TAMU. RU/UTMB MIT. MSSM BCM. MIT. MSM. MIT. MSM.
Adaptation MSSM. RU/UTMB. RU/UTMB. UW

TAMU. UW

Nutrition, Physical Fitness

and Rehabilitation

BCM. TAMU

BCM. MIT. MSM

BCM. MIT. MSM.

MSSM, RU/UTMB.

TAMU. UW

MIT. MSM.
RUMUTMB. UW

TAMU. RU/UTMB MSSM. TAMU BCM. MIT. MSM. MIT. MSM.
| Radiation Effects RUSUTMB MSSM. RU/UTMB. RU/UTMB. UW
L TAMU. UW TAMU
Smart Medical MIT BCM. MIT. MSM. MIT. MSM.
; Systems MSSM. RU/UTMB. RU/UTMB. UW
TAMU. UW
Technology TAMU MIT BCM. MIT. MSM. MIT. MSM.

Development

MSSM. RU/UTMB.

TAMU. UW

RU/UTMB. UW

BCM: Baylor College of Medicine; MIT: Massachusetts Institure of Technology, MSM: Morehouse School of Medicine: MSSM: Mount Sinar
School of Medicine. RU/UTMB: Rice Universitv'The University of Texas Medical Branch: TAMU: Texas A&M Unwversiy: UW: University of

Washington

Evaluation of Current Program
Gaps. The NSBRI External Advisory Council and the 2000 NSBRI Site Visit Team made five
recommendations for the Education and Public Outreach Team: (1) improve dissemination.
feedback and assessment methodologies: (2) establish a coordinated development plan: (3)
establish university level education programs: (4) articulate the Team's unique abilities to
contribute to national education: (5) promote diversity. The addition of MIT to the Education and
Outreach Team will help to establish university-level education. MIT will develop and test two




graduate level courses, one of which will be offered to undergraduate students. The remaining
recommendations are being addressed in the strategic objectives outlined in Section 14.5.

Team members have collaboratively established the strategic goals and objectives for NSBRI
Education and Outreach. Through retreats and conference calls, team members have identified
the challenges of building a national identity for NSBRI through educational outreach. It was
agreed that the quality of materials and activities and the extent to which they are disseminated
would be initial defining factors for all NSBRI sponsored educational activities. Once planned
and implemented, presentations and publications will document the programmatic impacts.

14.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Below is a brief description of strategic activities to achieve NSBRI Education and Public
Outreach Team objectives and goals. Table 14.3 provides a timetable for completion of these
activities.

Goal 1: Design and conduct a variety of teacher professional development programs to help
teachers understand space life sciences and change their practices and behaviors to improve the
learning experiences they provide students.

Objective 1A. Enhance the space-based science and technological readiness. skill and teaching
impact of educators by providing professional development that focuses on partnerships with
scientists and increased teacher content knowledge. :

» Create a national Teacher Academy.

«  Offer school-year and summer professional development opportunities for K-12 teachers.

« Involve scientists in professional development for teachers.

+ Implement teacher mentorship programs within schools.

+ Sponsor year-long internships for teachers.

Objective 1B. Utilize NSBRI-generated resources to empower educators to teach all students
more effectively and communicate these new instructional resources to peers in education.
«  Align curriculum materials based on NSBRI rescarch to national science standards.
« Develop science education reform leaders within the scientific and K-12 education
communities.
« Design, create and deploy Internet-based teaching and science education resources.

Goal 2: Develop curricular materials that span the educational continuum: are aligned with
national science standards; provide accurate. balanced. effective and inquiry-based instruction:
and expand students’ understanding of on-going NSBRI research.

Objective 2A. Develop and implement high-quality NSBRI-based science. mathematics. and
reading/language arts instructional materials designed to facilitate measurable success for all
students. apply best understandings of how students learn. and incorporate assessment as an
integral component.

«  Produce a 9" grade space science program.

« Develop elementary/middle school instructional programs focusing on NSBRI research.

+ Create problem-based cases for high school and undergraduate students.

+ Facilitate the development of teacher-generated classroom materials.

+ Design and implement studies that examine the effectiveness of NSBRI-sponsored

Internet-based curriculum materials. as compared to traditionally formatted materials.
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Objective 2B. Promote excellence, achievement and systemic change in education through the
dissemination of materials described in Goal 2, Objective A.

«  Offer local, regional and national teacher professional development on NSBRI materials.

« Partner with NASA for teacher professional development and materials dissemination.

+ Partner with informal education centers and museums for teacher professional develop-
ment and materials dissemination.

» Advertise materials in appropriate journals.

» Direct mail materials to schools.

Goal 3: Increase science literacy and public awareness of the real-life impacts of NSBRI
research through media, informal science activities, direct mailings and magazine stories.

Objective 3A. Increase scientific literacy by involving scientists in community education and
bringing NSBRI and space-based science into classrooms and homes. -
« Involve NSBRI and other scientists in teacher professional development and community
outreach activities.
«  Produce NSBRI-related exhibits and activities at informal education centers and
museums.
+  Generate TV news and magazine stories focusing on NSBRI advances and research.

Objective 3B. Create and support stimulating. informal space life sciences education programs
outside of school to develop and maintain public interest in. and awareness of, NSBRI scientific
and technological developments.
«  Develop. publish and disseminate NSBRI science activities for families through available
media.
«  Produce NSBRI-related exhibits and activities at museums and informal education
centers.

Objective 3C. Foster healthy behaviors and attitudes among students and families. and increase
opportunities for families to become more involved in their children's learning through family-
school-community partnerships.
«  Produce NSBRI-related exhibits and activities at museums and informal education
centers.
«  Develop. publish and disseminate NSBRI science activities for families through available
media.
+  Produce NSBRI-related TV health education segments and TV news stories.

Objective 3D. Develop and implement a media plan to include. but not be limited to: public
affairs announcements and programs for radio and television, brochures. posters, video-
documents and websites. and a national writer-in-residence program.

« Share NSBRI research and educational opportunities through public media.

« Produce NSBRI-related TV health education segments and TV news stories.

« Continue to build a film archive of NASA footage from SpaceLab missions.

«  Print quarterly NSBRI-focused magazine stories for dissemination to lay and professional

audiences.

Goal 4: Promote educational access and career avwareness in spuce life science fields among
high school and undergraduate students as well as high school teachers.
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Obijective 4A. Attract more young students (especially those from underrepresented groups) to
careers in space life sciences, engineering and technology-based fields.
«  Conduct summer internship programs for students from underrepresented groups.
«  Give targeted presentations on NSBRI activities for undergraduate students.
« Develop undergraduate and graduate courses focusing on NSBRI research.
« Establish NSBRI as a national leader in development and deployment of K-16 Internet
distance education.
. Offer online graduate programs in space life science education for K-12 science,
mathematics, physical education and language arts teachers.

Objective 4B. Establish partnerships with external groups that bring additional funding support
to NSBRI activities and assist the Education and Public Outreach Team to disseminate and
promote space-life science education programs.

- Integrate NSBRI activities into existing funded programs. such as NSF-funded systemic
initiatives.

«  Develop and submit new applications to create and conduct new NSBRI-related projects.

« Establish an International Society of Space Life Sciences Educators, with fellowships for
members.

« Create a Center for Research in Space Life Science and Health Education to intuse
NSBRI research into educational practice in schools and study ways to increase student
motivation in science education and career pursuits.

« Enter into commercial partnerships with publishers. software manufacturers and
broadcast media corporations to disseminate information and materials nationally that
describe and promote application of NSBRI educational activities.

Goal 5: [ntegrate NSBRI-focused teacher professional development, curricular materials,
scientific literacy initiatives, and educational and career access activities among all
Education and Public Outreach Teams. other NSBRI Teams and public venues.

Obijective SA. Integrate NSBRI materials. programs and findings across all institutions of the
NSBRI Education and Public Outreach Team.

. Establish a peer review process for cducational relevance and practice. alignment with
NSBRI research themes and national science standards. and also for accuracy, balance
and potential bias.

. Create and deploy Internet-based educational resources to include downloadable slide
presentations, streaming video and links to other NASA-based educational resources.

« Hold annual workshops to share findings and products developed among Education and
Public Outreach Team institutions.

Objective 5B. Integrate NSBRI materials. programs and findings among all other NSBRI Teams.

- Establish a process for NSBRI scientific review of materials and activities developed by
the Education and Public Outreach Team.

«  Engage NSBRI scientists in the development of educational materials and the design and
conduct of teacher professional enhancement activities.

« Hold annual communications workshops with NSBRI scientists to develop strategies to
work with schools and the general public.

- Work with NSBRI rescarch teams to identify potential partners and scientific resources at
NASA.



Obijective 5C. Integrate NSBRI materials, programs and findings into venues outside of NSBRI.

« Generate and broadcast television features that share the findings and contributions of
NSBRI-based research with the general public.

+ Establish partnerships with professional societies, state and national governments and
informal science organizations to disseminate and promote NSBRI educational materials
and activities.

+ Develop mechanisms to integrate NASA-developed educational materials into NSBRI
outreach activities.

14.6 SUMMARY

The Education and Public Outreach Team develops and implements activities that address the
five major programmatic goals identified below. Team partners developed these strategic goals in
coordination with the NSBRI leadership, to assure that Education and Public Outreach Team
activities address overarching NASA and NSBRI objectives.

Goal 1: Design and conduct a variety of teacher professional development programs to help
teachers understand space life sciences and change their practices and behaviors io
improve the learning experiences they provide students.

Teachers are the critical link between curricula, students and their parents. NSBRI teacher
professional development activities are designed to help teachers understand space life sciences
and change their practices and behaviors to improve the learning experiences they provide
students. They also help biomedical space scientists to understand the complex issues involved in
instructing today’s youth. Teacher Professional Development activities include workshops.
summer institutes and research experiences.

Examples of activities being conducted include the numerous NSBRI-focused workshops being
carried out by Baylor College of Medicine in Texas and around the US. including activities being
coordinated jointly with Space Center Houston for hundreds of teachers in the Houston area. and
partnerships with school districts making NSBRI matcrials part of their curricula. Morehouse
School of Medicine's Teacher Institute is a partnership with the Georgia Institute of Technology.
DeKalb School System. Fernbank Science Museum. Atlanta Educational Telecommunications
Collaborative, Inc.. and NSBRI's Teacher Academy at Texas A&M University. Rice University
and The University of Texas Medical Branch at Galveston have teamed to create a two-week
summer science institute for Houston-area teachers. and Texas A&M is impacting teachers
profoundly through its Teacher Academy Project. Master Teachers come from around the US to
participate in this project, which provides teachers with intensive field experiences, insight from
science and educational experts and new resources to use in their classrooms.

Goal 2: Develop curricular materials that span the educational continuum; are aligned with
national science standards; provide accurate. balanced. effective and inquiry-based
instruction; and expand students ' understanding of on-going NSBRI research.

NSBRI curriculum development activities are occurring across the educational continuum from
primary grades through graduate preparation. At the K-12 levels. materials are being developed
that are aligned to the national science standards. These materials are addressing the need for
accurate, balanced, effective and inquiry-based materials for the nation’s classrooms. At the
undergraduate and graduate levels. courses are being developed to expand students’
understanding of on-going NSBRI rescarch.



There is a great deal of emphasis on curriculum development among Education and Public
Outreach partner institutions. For example, Mount Sinai School of Medicine is carrying out a
wide array of innovative curriculum development activities involving New York City museums,
scientists, teachers and students, both in the summer and during the school year, through its
Defying Gravity program. Meanwhile, Baylor College of Medicine is producing NSBRI-focused
teacher activity guides under the From Outer Space to Inner Space program. These guides relate
directly to NSBRI science objectives and seek to share the excitement of space life sciences via
innovative classroom activities. In addition, TAMU is developing and field testing three online
modules on energy (radiation).

Goal 3: Increase science literacy and public awareness of the real-life impacts of NSBRI
research through media, informal science activities, direct mailings and magazine
stories.

Promoting greater understanding and awareness of NSBRI space life sciences research is
essential for public support. Numerous activities are underway. They include television and radio
news programs, informal science activities at museums, direct mailings of informational posters
to schools and magazine stories designed to expand public understanding of how NSBRI
research will impact long-term space exploration and the everyday world.

Promoting public awareness of NSBRI activities and increasing science literacy are strengths of
the Education and Public Outreach Team. In fact. all activities of the Team address these very
important goals. However, some Team activities are designed and conducted specifically for this
purpose. The University of Washington's journal. Northwest Science & Technology Report. is
reaching out to readers (including general public. students and educators) in the northwest US
with stories and information about NASA and space life sciences. Morehouse School of
Medicine’s Multimedia Archive contains NSBRI research. NASA’s Neurolab Mission and other
topics. This footage has been used by the Discovery Channel. ZDF-German TV, Atlanta and
DeKalb public schools. and others. Simultaneously. Baylor College of Medicine has produced
numerous Radio HealthLine stories. distributed to radio stations around the nation. and numerous
news-format stories for KUHT. Public Broadcasting in Houston. all focusing on NSBRI-related
research and health issues.

Goal 4: Promote educational access and career awareness in space life science fields among
high school and undergraduate students as well as high school teachers.

There are many barriers to promoting diversity and access to careers in the space life sciences.
Activities within this theme include research experiences for high school and undergraduate
students as well as high school teachers in NSBRI laboratories. Courses focusing on NSBRI
research areas will assist in promoting undergraduate and graduate students” interest in space life
sciences research careers.

All partners in the Education and Public Outreach team arc involved in promoting access and
career awareness. Some of the more prominent Team activities in this area include Mt. Sinai’s
multi-faceted Defying Gravity program. Morehouse's Undergraduate Summer Research project.
the Rice University/University of Texas Medical Branch Student Rescarch Seminar. the inserts
included in the Northwest Science & Technology Report by the University of Washington to
attract young readers to science and space biomedical research. and Texas A&M University’s
annual Youth Symposia on careers in science for several hundred Texas middle and high school
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students. The scope of these diverse programs is wide, covering the educational spectrum, from
young students to undergraduates, not to mention educators and the general public, as well as all
demographic groups.

Goal 5: Integrate NSBRI-focused teacher professional development, curricular materials,
scientific literacy initiatives, and educational and career access activities among all
Education and Public Outreach Teams, other NSBRI Teams and public venues.

Integration of NSBRI-focused programs, materials and activities may be the most important goal
of Education and Public Qutreach Team. As mentioned earlier in this Strategic Plan, the Team’s
mission is to communicate the significance and excitement of NSBRI research to diverse
audiences, while transferring and disseminating knowledge gained by NSBRI Research Teams.
In fact, this aim is the specific driving force behind most, if not all. Team activities.

Member institutions of the Education and Public Qutreach Team already have begun to share
their NSBRI products among each other. Examples include Texas A&M University’s Teacher
Academy, curricular materials developed by Morehouse School of Medicine and Baylor College
of Medicine, and University of Washington’s Northwest Science & Technology Report. Further,
several team activities—such as those related to media or teacher professional development—are
being introduced to public audiences. Of course. these examples are but of few of the NSBRI
Education and Public Outreach Team products that we anticipate integrating into the NSBRI
community and beyond. Schools, universities, informal educational organizations and the general
public have demonstrated a great interest in space and the science of space exploration. Our
Team is harnessing our varied specialties, experiences and resources to share the excitement and
real-world implications of NSBRI with students and the American public.

It also is important to note that there nec